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There  is  a  growing  concern  over  emission  of  carbon  dioxide  into  the  atmosphere  and  its
implication  in  global  climate  change.  Natural  sinks  for  carbon dioxide,  such as  oceans  and
vegetative growth, cannot compete with anthropogenic source emissions. Efforts to counteract
carbon dioxide emission involve photochemical and electrochemical reduction of carbon dioxide
into value increased feedstock chemicals. The high bond strength of carbon-oxygen bonds and
energy needed for structural rearrangement from a linear to bent conformation after reduction
result in high overpotentials, thus making the process inefficient. Transition metal catalysts and
proximal protons sources have been shown to stabilize the bent carbon dioxide intermediates in
carbon dioxide  reduction  and facilitate  the  formation  of  reductive  products  at  energy inputs
closer to thermodynamic values. The development of earth-abundant transition metal catalysts
which  can  function  efficiently  and  robustly  at  an  economically  feasible  level  using  energy
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supplied  from  renewable  sources  including  solar  light  remains  a  challenge  in  the  field  of
renewable energy.
The first section involves the design and synthesis of macrocyclic cobalt complexes of carbon-
functionalized cyclams which include linkers of various length and rigidity, as well as different
anchoring  groups,  to  allow attachment  on  semiconductor  surfaces  for  photochemical  carbon
dioxide reduction.  Two  methods  were  utilized  to  form  the  carbon-functionalized  cyclam
precursor;  one  involved  synthesis  of  functionalized  bis-electrophiles  and the  second  method
involved  synthesis  of  carbon-functionalized  tetraamines.  Photocatalysis  was  performed  by
surface attachment of the ligands/complexes on titanium dioxide; pre-coordination of cobalt was
found to be essential for carbon dioxide reduction activity. 
The  second  section  involves  design  and  synthesis  of  derivatives  of  the  macrocycle
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetra-azacyclotetradeca-4,11-diene,  or  HMD. Two methods
were  used  to  form  HMD  derivatives;  1,2-diamines  were  condensed  with  ketones  or  α,β-
unsaturated carbonyl compounds. Each route formed tetrasubstituted HMD of one moiety or two
moieties,  respectively.  Coordination  of  cobalt  was  difficult  and  unsuccessful  in  some cases.
Further work is needed to form macrocycles with bulky substitution.
The third section has two parts, and involves electropolymerization of alkene modified bipyridyl
rhenium complexes on electrodes, and the design and synthesis of ferrocene functionalized with
bipyridyl  ligands  for  manganese  and  rhenium  complexes.  Two  methods  were  used  to
electropolymerize rhenium catalysts  on gold and fluorine-doped tin  oxide electrode surfaces:
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multi-cycle cyclic voltammetry, and chronoamperometry. A vinyl-bipyridyl rhenium catalyst was
successfully electropolymerized, while a dodecene-bipyridyl rhenium catalyst was unreactive. In
the second part, ferrocene was functionalized on either one or two rings with bipyridine and used
as ligands for manganese and rhenium complexes. Electrochemical studies of these complexes
have demonstrated interesting activity in electrocatalytic carbon dioxide reduction. Infrared and
optical characterization of the complexes suggest successful formation of the stated complexes.
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CHAPTER 1: INTRODUCTION
1.1: Photochemical and Electrochemical CO2 Reduction
A major portion of atmospheric carbon dioxide (CO2) is introduced as a waste product by the
combustion of  fossil  fuels  used to  meet  the energy demands for  transportation,  heating,  and
electricity generation.1 Fossil fuels are considered a non-renewable energy source, although the
current abundance allows for an economically viable energy source in the short term. CO2 is
known to be a greenhouse gas,  which contributes to global warming and climate change. In
addition  to  increasing  CO2 concentration  in  the  atmosphere,  more CO2 is  dissolved into  the
oceans,  affecting  the  acidity,  which  thereby  negatively  affects  the  lifeforms  in  the  ocean.2
Currently,  there  is  a  lack  of  economically  viable  technology  to  sequester  CO2 from  the
atmosphere. Without technological advancements needed to remove dependence on fossil fuels
and  to  utilize  CO2,  the  upward  trend  of  increasing  atmospheric  CO2 levels  will  continue
unchecked.
Challenges in CO2 utilization arise from the stability of CO2, catalyst selectivity, and catalyst
stability. In order to utilize CO2, energy must be stored in chemical bonds via reduction of CO2.
To complete this process, both electrons of sufficient energy and an oxide (O2-) acceptor are
required. Without an oxide acceptor, the reduction of CO2  results in an unstable one electron
reduced CO2 anion,3 which cannot be stored. The electrons can be supplied electrochemically or
photochemically, while oxide acceptors can be CO2 or ideally protons derived from water.4 The
energy stored in the reduced form of CO2  include the two electron reduced species of carbon
monoxide (CO) and formic acid, four electron reduced species of formaldehyde, six electron
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reduced species of methanol (MeOH), and the eight electron reduced species of methane. The
reduced forms of CO2  can then be used directly as a fuel source, or used as a synthetic one-
carbon feedstock chemical to further increase the product value.5 A comprehensive list of CO2
reduction products is shown below in Table 1.
Table 1. Balanced thermodynamic equations and reduction potentials for CO2 reduction products.
Reprinted (adapted) with permission from reference.6  Copyright (2014) The Royal Society of
Chemistry.
3
In electrochemical CO2 reduction, the ideal electricity source is supplied from renewable energy.
To maximize energy efficiency, the potential at which CO2 reduction occurs should approach the
thermodynamic  value,  thereby  minimizing  the  overpotential  needed  to  induce  the  reduction
process. When transition metal complexes are used, the reduction potential for CO2 reduction is
governed by the oxidation state of the metal, which is dependent on the ligand used. In addition
to overpotential, catalysts are characterized by turnover frequency (TOF) in cyclic voltammetry
(CV) experiments, and turnover number (TON) and faradaic efficiency (FE) values are used in
chronoamperometry  experiments.  A graphical  representation  of  electrochemical  reactions  is
shown below in Figure 1-1.7-8 
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Figure 1-1. A) Schematic of electrochemical reduction (top) and oxidation (bottom).  Reprinted
(adapted)  with  permission  from  reference.7 Copyright  (2001)  John  Wiley  &  Sons,  Inc.  B)
Qualitative comparison of CO2 reduction at thermodynamic, catalytic, and electrode potentials.
Reprinted  (adapted)  with  permission  from reference.8 Copyright  (2018)  American  Chemical
Society.
In photochemical CO2 reduction, the ideal source of light is in the visible region supplied by the




photocatalytic system include: a light absorbing photosensitizer; a CO2 reduction catalyst; and
electron and proton donors.  The photosensitizer and CO2 reduction catalyst  can be the same
compound or separate compounds. The electron and proton donors can be the same compounds
and are oxidized sacrificially; alcohols, tertiary amines, and water are potential sacrificial donors.
In order  for a photosensitizer  to  be effective,  the excited state  electron must have sufficient
reducing power to reduce the catalyst metal center to the appropriate oxidation state, while the
photogenerated hole must have sufficient oxidative power to oxidize the electron donor. Once the
catalyst metal center is in the appropriate oxidation state, CO2 can bind to the metal center. After
the CO2 molecule is bound or coordinated to the metal center, electrons can be transferred from
the metal center to CO2. The reduced form of CO2 is then released in the presence of an oxide
acceptor, which ideally are protons to form water and the two electron reduced species of CO2,
CO. Another two electron reduced specie of CO2 include formic acid or formate, although these
reduction products  include  the  formation  of  carbon-hydrogen bond and occur  by a  different
mechanism, which involve CO2 insertion into a metal-hydride bond. A graphical schematic of
CO2 reduction  on  a  semiconductor  photocatalyst  is  shown  below  in  Figure  1-2.9 In  this
photocatalytic  system,  the  semiconductor  is  responsible  for  the  harvesting  of  light  and
transferring  electrons  to  a  cocatalyst  for  CO2 reduction.  Other  photocatalytic  systems  are
homogeneous and molecular based, where the light harvesting photosensitizer and catalyst may
or may not be the same molecule.10-11 Homogeneous photocatalytic  systems are discussed in
more  detail  in  Chapters  2-4.  Both  electrochemical  and  photochemical  reduction  of  CO2 are
practical  methods  for  up  converting  CO2 into  synthetically  useful  materials,  given  that  the
appropriate catalyst is used.
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Figure  1-2.  Schematic  of  catalytic  photochemical  CO2 reduction.  Reprinted  (adapted)  with
permission  from  reference.9 Copyright  (2018)  WILEY VCH  Verlag  GmbH  &  Co.  KGaA,‐
Weinheim.
1.2: Surface Immobilization of Catalysts on Semiconductor Surfaces 
Semiconductors are a class of bulk materials with properties between that of conductors and
insulators, which allows for charge excitation, initiated from a potential bias or photon, between
the ground state valence band and the excited state conduction band. The range of energy which
can initiate the bandgap transition from the valence band to the conduction band varies from the
infrared (IR) region of about 1 eV to the UV region of about 3 eV; examples of each extreme are
silicon12 and titanium dioxide13 (TiO2), respectively.
7
The effectiveness of a semiconductor to promote catalytic transformations is dependent on many
factors, including light harvesting, separation of photoexcited charge carriers, and the bandgap
position  relative  to  the  substrate  to  be  reduced  or  oxidized  by  the  excited  electron  in  the
conduction  band or  the  resultant  hole  in  the  valance  band,  respectively.  Normally,  both  the
excited electron and the hole participate in electron transfer, in which the hole scavenges an
electron from a reductant and the excited electron transfers an electron to an oxidant; if this
process is repeated, it can be considered catalytic. For example, the seminal study by Fujishima
and Honda14-15 in the 1970’s used TiO2 in a photoelectric cell to split water into hydrogen and
oxygen using UV light  as the energy source.  Additionally,  in  order  to  effectively catalyze a
chemical reaction with semiconductors, the bandgap should span an energy gap large enough
such that there is sufficient oxidizing and reducing power of each respective generated hole and
excited electron.
Proximity between the semiconductor and catalyst is influential in the initial electron transfer
step.16 Immobilization  of  the  catalyst  on  the  semiconductor  through  chemical  or  adsorption
methods greatly increases the probability that a photoexcitation event will result in a successful
electron  transfer  reaction  from  semiconductor  to  catalyst.17 For  inorganic  semiconductors,
surface functional groups, such as hydroxyl (OH), can act as synthetic handles to modify the
surface of the semiconductor to immobilize a molecular transition metal catalyst or transition
metal ion.18-19 
An example of the latter is shown below in Figure 1-3.20 Metal oxides, such as TiO2, contain
surface hydroxyl groups which can serve as a means of anchoring metal complexes to the metal
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oxide surface. By action of deprotonation of the hydroxyl group, the resulting anion can act as a
counteranion  of  the  cobalt  cyclam  complex,  Co(cyclam),  where  cyclam  is  1,4,8,11-
tetraazacyclotetradecane.  The  surface  bound  complex  then  is  capable  of  participation  in
photoredox chemistry by acting as an electron sink. In such systems, the hole(s) generated by
photoexcitation and subsequent electron transfer are quenched by oxidation of an electron donor.
Figure 1-3. Depiction of CO2 reduction by surface immobilization of Co(cyclam) in TiO2. D=
electron  donor.  Reprinted  (adapted)  with  permission  from reference.20  Copyright  (2014)  The
Royal Society of Chemistry.
When there is a lack of surface functional groups, adsorption methods can be used to promote
semiconductor/catalyst interactions. The same principles for promoting inorganic semiconductor/
catalyst immobilization also apply to the organic semiconductor variant, although the availability
of applicable techniques differ.
A variety of surface functionalization strategies are available for inorganic semiconductors to aid
in catalyst binding, most of which contain organic functional groups having oxygen heteroatoms
to interact with the surface to serve as an anchoring group. Some examples include: carboxylates,
hydroxamates, phosphates, and organosilicates.21 The ideal anchoring group should have a high












photo or electrocatalytic conditions,  and is  cost  efficient and easy to prepare.  Attachment of
transition metal catalysts to organic semiconductors is less developed. Nevertheless, promoting
semiconductor/catalyst  interaction  can  include:  direct  metal  binding  to  the  organic
semiconductor via suitable ligand functionality incorporated into the framework,22 edge group
derivatization,23 and  π-π interactions.24 A  summary  of  the  pros  and  cons  of  various
immobilization methods is shown below in Figure 1-4.25
Figure 1-4. Top: breakdown of immobilization methods by type and examples of each; bottom:
comparison  of  each  immobilization  method.  Reprinted  (adapted)  with  permission  from
reference.25 Copyright (2020) The Royal Society of Chemistry.
1.3: Carbon-Functionalized Cyclam and Related Ligands 
The  parent  molecule  cyclam  is  an  aliphatic  macrocyclic  tetraamine,  commonly  used  as  a
quadridentate chelate ligand for various transition metals. When complexed with a metal cation,
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cyclam forms four chelate rings in a planar orientation, with alternating five and six membered
chelate  rings.  By forming  multiple  chelate  rings  of  stable  size,  the  resulting  complexes  are
extremely stable to leaching, and provide structural rigidity to the metal complexes.26 Cyclam
based complexes are also stable to changes upon oxidation state of the metal, even allowing
access to normally unstable oxidation states.27 Albeit accessed through a different synthetic route,
a  closely  related  molecule  is  the  parent  molecule  5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene (HMD),  which  is  the  same size  macrocycle  and  forms  the
same chelate ring pattern with transition metals. The major differences in the ligand structure of
cyclam and HMD are that cyclam is purely an aliphatic amine containing only secondary carbon
atoms and secondary  amines;  while  HMD possesses  primary,  secondary,  and tertiary  carbon
atoms and secondary amines and imine functionality. The structures of cyclam and HMD are
shown below in Figure 1-5.
Figure 1-5. Structures of cyclam and HMD.
Cyclam  was  first  synthesized28 in  the  1930’s,  while  a  modified  procedure  and  significant
































1960’s.  Cyclam  is  synthesized  from  1,3-bis(2'-aminoethylamino)propane  and  1,3-
dibromopropane and isolated by distillation.  The uncontrolled nature of this  reaction lead to
oligomer and polymeric by-products, which contributed to decreased yield.
Also known as Curtis type macrocycles, HMD was developed by Curtis30-31 in the early 1960’s.
Early synthetic approaches involved using a metal template method. The tris(ethylenediamine)
complexes of transition metals were synthesized, then heated in acetone. The acetone condensed
with the amines to form a mixture of isomers and varied degree of condensation, some of which
was the HMD complex. This method leaves the metal bound to the ligand. Later studies were
successful without the need for a transition metal template, but instead were able to isolate in
pure  form the  free  ligand  as  a  dihydroperchlorate  salt,  where  perchloric  acid  acted  as  the
templating  agent,  from  condensation  of  ethylenediamine  hydroperchlorate  with  acetone  or
mesityl oxide. Few studies have been reported for the synthesis of functionalized HMD ligands,
although this ligand framework has been reduced to a functionalized cyclam for complexation.32
Cyclam  and  HMD  complexes  of  cobalt33 (Co)  and  nickel34-35  (Ni)  have  been  studied
extensively36 photochemically and electrochemically as CO2 reduction catalysts.  The Co(cyclam)
complex  is  active  photochemically  in  the  presence  of  a  photosensitizer,  but  is  inactive
electrochemically.37-38 The  Ni(cyclam)  complex  is  active  electrochemically  with  a  mercury
working  electrode,  but  is  inactive  photochemically.39-40 The  Co(HMD)  complex  is  active
electrochemically and photochemically.41-42 The parent ligands of cyclam and HMD are not redox
active  at  relevant  potentials,  so  metal  complexes  with  these  ligands  require  an  external
photosensitizer, such as p-terphenyl, to be active in photochemical CO2 reduction. Mechanistic
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aspects  of  CO2 reduction  was  reported43 by  Fujita  and  coworkers  for  the  Co43-44 and  Ni44
complexes. Stark differences between the two metals was observed in selectivity towards CO
and  H2 products  electrochemically  in  aqueous  media,  with  CO:H2 product  ratio  of  1:1  for
Co(HMD) and 100:1 for Ni(cyclam), respectively.42 A general catalytic cycle for photochemical
CO2 reduction for cyclam complexes of Ni and Co is below in Scheme 1.45
Scheme 1. Mechanism of photochemical CO2 reduction using cyclam complexes of Co or Ni.
Product reaction pathways are shown for CO, formate, and hydrogen. P is a photosensitizer, and
D is an electron donor. Reprinted (adapted) with permission from reference.45 Copyright (2009)
American Chemical Society.
CO2 is known to bind to Co in the first oxidation state (Co(I)),42 and with cyclam coordinated to
the metal, are known to efficiently reduce CO2 to CO. Reduction of CO2 to CO occurs via Co(I)/
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Co(III) redox couple. This two electron process effectively leaves the Co metal center in the +3
oxidation state. Currently, in order to make this process catalytic with respect to the metal center,
an external electron and proton source is required to replenish electrons on the Co metal center
and  restore  the  catalytically  active  Co(I)  species,  and  provide  protons  to  combine  with  the
liberated oxygen atom to form water.  A similar process occurs with Co(HMD), however, the
CO22- adduct is first protonated, followed by the loss of hydroxide (OH-); the hydroxide anion
subsequently reacts with an equivalent of CO2 to form bicarbonate (HCO3-). 
Cyclam complexes of Ni(I) and Ni(II) were shown to weakly bind CO2, with Ni(II) binding CO2
more strongly, and have a large reorganization energy when changing between Ni(I)/Ni(II) redox
couple;  these  factors  contribute  to  Ni(cyclam)  being  a  poor  photochemical  CO2 reduction
catalyst.44 Attempts have been made to promote electrochemical CO2 reduction with the need of a
mercury  based  working  electrode  by  functionalization  to  enhance  interaction  with  electrode
surfaces. In a study by Neri46 and coworkers, a C-functionalized Ni(cyclam) complex modified
with  a  carboxylic  acid  group  was  tested  under  acidic  conditions  in  electrochemical  CO2
reduction. This complex was more active than the parent Ni(cyclam) complex, however, it still
required a mercury based working electrode. In another study, when the secondary amines of the
Ni(cyclam) complexes were methylated,  a  significant  positive shift  of  the Ni(II)/Ni(I)   from
−1.23, −1.03, and −0.65 V for cyclam, dimethyl cyclam (DMC), and tetramethyl cyclam (TMC),
respectively, was observed, and is shown in Figure 1-6.47 This observation as well as the same
trend of increasing overpotentials for CO2 reduction highlight the detriment of N-alkylation as a
modification method to enhance catalysis.
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The use of Co(cyclam) in photochemical CO2 reduction is limited by the photosensitizer used.37
Problems arise from the stability of the photosensitizer or the efficiency of charge transfer to the
Co metal center.35 To address these issues, particularly by addressing the ligand, various ligand
modifications  were reported.48 Derivatization  of  the  amines  in  supramolecular  Ni(II)  cyclam
complexes resulted in  deleterious effects  in CO2 reduction due to destabilization of the CO2
adduct  from steric  hindrance,  loss  of  hydrogen bonding,  and distortion  of  conformation and
coordination environments.49 To circumvent this, carbon should instead be derivatized, as carbon
is not directly bound to the metal center, therefore minimizing detrimental electronic and steric
effects,50 as  well  as  to  improve  electron  transfer  efficiencies  and  therefore  CO2 reduction
activity.51
Figure 1-6. CV’s of Ni(II) cyclam (top), Ni(II) DMC (middle), and Ni(II) TMC under argon (red)
and CO2  (blue) atmospheres. Reprinted (adapted) with permission from reference.47 Copyright
(2012) American Chemical Society.
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New synthetic methods were required to achieve C-functionalized cyclam ligands. In addition to
being  time  consuming  to  synthesize,  most  methods  are  under  patent  protection,  so  any
commercially  available  C-functionalized  cyclam  ligands  are  quite  expensive.  To  synthesize
them, instead of  using inorganic templates,52 as  was used with  HMD, organic templates  are
used.53 A rigid  bis-aminal  structure  was  reported53 by  Hervé  and  coworkers  to  direct  the
formation of cyclam by condensation of 1,2-diketones53-57  or 1,2-dialdehyde (glyoxal)58-59  with
1,3-bis(2'-aminoethylamino) propane.60 The mechanism of forming an organic template is shown
below in Figure 1-7.60
Figure  1-7.  Formation  of  bis-aminal  protected  tetraamine  from  diiminium  intermediate.
Reprinted (adapted) with permission from reference.60 Copyright (2002) WILEY VCH Verlag‐
GmbH & Co. KGaA, Weinheim.
The bis-aminal precursor then could be further cyclized to C-functionalized cyclam precursors
with  functionalized  1,3-biselectrophiles55 or  α-substituted  α,β-unsaturated  esters  as  shown in
Figure 1-8.58 When  α-substituted  α,β-unsaturated esters are used to complete the cyclam ring,
subsequent  reduction  of  the  tertiary  amide  of  the  oxo-cyclam  is  needed  in  addition  to
deprotection.  The  organic  template  can  be  removed  via  acid  hydrolysis53 for  ketone  based
templates,  or  hydroxylamine  or  hydrazine  hydrate for  glyoxal  based  templates.61 A general
synthetic scheme is shown below in Scheme 2.55
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Figure  1-8.  Examples  of  α-substituted  α,β-unsaturated  esters  used  to  form protected  cyclam
precursors.  Reprinted (adapted) with permission from reference.58  Copyright (2014) American
Chemical Society.
Scheme 2. Formation of C-functionalized cyclams via protection, alkylation, and deprotection
steps.  Reprinted  (adapted)  with  permission  from  reference.51  Copyright  (2004)  The  Royal
Society of Chemistry.
When compared to  N-functionalized  cyclam complexes,  C-functionalized cyclam shows less
influence towards the redox properties of the bound metal ion. For example, as shown below in
Figure 1-9,50 C-functionalization of cyclam with a carboxylic acid group shifted the Ni(II)/Ni(I)
redox  potential  by  50  mV cathodically.  Additionally,  bulk  electrolysis  experiments  indicate
comparable activity.50 Although the catalytic current under CO2 appears greater for Ni(II) cyclam
than for Ni(II) cyclam carboxylic acid, the ratio peak current with CO2 (ic) over argon (ip), which
is indicative of catalytic performance, is greater for Ni(II) cyclam carboxylic acid, albeit at a
larger overpotential.
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Figure 1-9. CVs of (a) Ni(II) cyclam, and (b) Ni(II) cyclam carboxylic acid under argon (black)
and CO2 (red);  the inset is the CV trace under argon, respectively.  Reprinted (adapted) with
permission from reference.50 Copyright (2015) The Owners Societies.
Having a variety of C-functionalized cyclam or modified HMD ligands available that highlight
what  is  needed  to  improve  electron  transfer  from photosensitizers,  both  heterogeneous  and
homogeneous,  will increase the amount of available frameworks of photosensitizers that can be
used in  the  CO2 reduction.  Current  synthetic  methods  for  promoting  catalyst/photosensitizer
interactions with other ligand/metal systems have already benefited from being able to either
create  a  supramolecular  catalyst,  or  by  anchoring  the  catalyst  on  a  heterogeneous
photosensitizer.62
1.4: Modified 2, 2’-Bipyridine Related Ligands 
One class of ligands used as CO2 reduction catalysts are derived from 2,2’-bipyridine (bipy). The
bipy ligand is aromatic and forms a five-membered chelate when coordinated to a metal. Several
well studied catalysts which use bipy as a ligand in CO2 reduction include Mn and Re metals in
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the first oxidation state, in the form of fac-M(bipy)(CO)3X, where M is either Mn or Re, X is the
counteranion, and  fac indicates the positioning of the CO ligands occupying the apexes of a
facial plane of an octahedral complex, rather than a meridional plane.63-64 A unique feature of the
bipy ligand is that it is redox active when coordinated, such that it can hold up to one electron
charge. During the 1980’s, it was reported63 by Lehn and coworkers that the parent complex fac-
Re(bipy)(CO)3Cl could reduce CO2 to CO electrochemically in the presence of water at a rate of
ca. 21 turnovers per hour over 14 hours, with high current efficiency. Not until 30 years later was
the parent complex of  fac-Mn(bipy)(CO)3Br reported active in electrochemical CO2 reduction,
also in the presence of water.64 The parent Re complex is stable under UV conditions to catalyze
CO2  reduction photochemically, whereas the Mn parent complex degrades rapidly under similar
conditions. 
Both Mn and Re parent complexes catalyze CO2 reduction at their respective second reduction
potentials. The first and second redox potentials for both parent complexes occur at potentials
greater than the thermodynamic value for the reduction of CO2 to CO, therefore application of an
overpotential is required for these catalysts. The ideal overpotential for electrocatalytic reaction
is 0-300 mV, whereas 600 mV can be considered satisfactory.65 By lowering the overpotential,
the  energy  barrier  to  promote  a  electrochemical  reaction  is  lower,  thereby  reducing  wasted
energy, making the process more efficient. The parent Re complex has an overpotential of 870
mV and 420 mV at  the  second  and first  reduction  potentials,  respectively,66 the  parent  Mn
complex has an overpotential of 602 mV and 226 mV at the second and first reduction potentials,
respectively.64 A mechanistic  scheme  for  both  one-electron  and  two-electron  CO2 reduction
pathways is shown below in Scheme 3.67
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Scheme 3. CO2 reduction mechanism via one-electron and two-electron pathways for Re diimine
tricarbonyl complexes. Reprinted (adapted) with permission from reference.67 Copyright (2018)
American Chemical Society.
Lowering the overpotential is possible by ligand modification. While minor shifts in reduction
potential can occur by ligand modification due to electronic and steric effects, influencing the
ligand structure  to  promote  an  alternative mechanism for  CO2 reduction has  greater  impact.
When the bipy ligand is modified to promote dimer based catalysis, each metal can supply one
electron,  which  can  enable  a  mechanistic  change  to  allow for  reduction  of  CO2 at  the  first
reduction  potential.  By  performing  CO2 reduction  at  the  first  reduction  potential,  the
overpotential for both complexes can be reduced by about 400 mV,64,  66 putting the Mn based
complex in the ideal range of overpotential.65 
A  variety  of  ligand  modifications  have  been  studied,  but  there  are  three  main  classes:
intramolecular and intermolecular dimers, and outersphere assisted protonation. Intramolecular
dimers rely on functional groups capable of hydrogen bonding to promote close proximity of
20
catalytic centers.67-69 Intermolecular dimers rely on the ligand scaffold to incorporate two metal
sites  into  one  molecule.66,  70-73  Outersphere  assisted  protonation  ligand  modifications  aid  in
lowering the reaction barrier via proton coupled electron transfer. For both electron deficient
functional groups which contains a labile proton or Lewis base74 not directly bound to the metal
but located in close proximity to the active site,  this  orientation has been shown to enhance
catalysis and lower the overpotential  in CO2 reduction.68,  72-73,  75  Ligand modification can also
change the solubility of a given catalyst or be used to promote dimers in different solvents,67, 69
such as the hydroxyl-bipy ligand67 used in the catalyst  shown below in  Figure 1-10,67 or the
amide-bipy ligand shown in Figure 1-11.69 Here, it was determined that the lability of the solvent
molecule influenced dimer formation.67 The non-reversible first reduction peak in water and the
presence of an oxidation peak for the Re dimer at positive potentials was used to rationalize the
difference  of  the  CV’s  on  the  complex  shown  in  Figure 1-10;67 where  in  DMF  solvent  a
reversible one-electron peak was observed which indicated no change in the coordination sphere.
In another study,69 the strength of hydrogen bonding influenced the rate of dimer formation, as
shown below in Figure 1-11,69 such that dimers only formed in ACN and no dimers formed in
DMF.  
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Figure 1-10.  Left (a): CV of the shown Re(I) complex (right) in the presence of water under Ar
and CO2 atmospheres; middle (b): CV of the shown Re(I) complex (right) in the presence of
DMF under  Ar and CO2 atmospheres.  Reprinted (adapted) with permission from reference.67
Copyright (2018) American Chemical Society.
Figure 1-11. CVs of the amide catalyst under N2 atmosphere in ACN (left) and DMF (right).
Reprinted  (adapted)  with permission from reference.69 Copyright  (2014) American  Chemical
Society.
In another study,66 catalytic TOF’s in CO2 reduction using Re based complexes were determined
for intermolecular dimers containing two bipy units attached to anthracene (ant), and compared
to the parent bipy and an ant-derivative containing only one bipy unit. Due to restricted rotation,












determine TOF for each respective catalyst is shown below in Figure 1-12.66 The parent Re(bipy)
complex and Re(ant-bipy) complex only showed catalytic current enhancement under CO2 at the
second reduction potential, while both isomers of Re2(ant-(bipy)2), cis-Re2(ant-(bipy)2) and trans-
Re2(ant-(bipy)2),  showed  catalytic  current  enhancement  under  CO2 at  the  first  reduction
potential.  The  CV range  which  would  demonstrate  Re  dimer  formation  was  not  reported,
however, UV-Vis spectroelectrochemical experiments showed evidence of Re dimer formation
only with trans-Re2(ant-(bipy)2), most likely as a dimer of dimers. For cis-Re2(ant-(bipy)2), the
rigidity and distance separating each Re center inhibits dimer formation. The cis-Re2(ant-(bipy)2)
and  trans-Re2(ant-(bipy)2)  operate  by  the  one-electron  pathway,  albeit  with  different  oxide
acceptors.  For  cis-Re2(ant-(bipy)2),  only  one  CO2 molecule  can  bridge  the  two  Re  centers,
therefore, a proton located in the solvent matrix acts as the oxide acceptor, with water as the
byproduct. For trans-Re2(ant-(bipy)2), two CO2 molecules can bridge intermolecular Re centers,
with CO2 acts as the oxide acceptor, with a carbonate co-product. The TOF’s and overpotentials
(η)  in  DMF/water  for  Re(bipy),  Re(ant-bipy),  trans-Re2(ant-(bipy)2),  and  cis-Re2(ant-(bipy)2)
were reported as 11.1 s-1  (0.87 V), 19.2 s-1  (1.01 V),  22.9 s-1  (0.78 V), and 35.3 s-1  (0.92 V),
respectively.66
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Figure 1-12. CVs of each respective catalyst shown adjacent to each numerical labeled CV, in
water/DMF  solutions  under  Ar  and  CO2 atmospheres  for:  A)  cis-Re2(ant-(bipy)2), B)  trans-
Re2(ant-(bipy)2), C)  Re(bipy), and D) Re(ant-bipy).  Reprinted (adapted) with permission from
reference.66 Copyright (2018) American Chemical Society.
Mechanistic understanding of CO2 reduction can be gained by monitoring stretching modes of
carbonyl bands in the IR region as a function of applied potential. The technique which combines
IR and electrochemistry is known as infrared spectroelectrochemistry (IR-SEC), and a schematic
representation is shown below in Figure 1-13.76 A typical IR-SEC set-up includes conventional
electrodes, although the working electrode must be flat and well polished. The IR beam must be
reflected off of a mirror, passed through a transparent calcium fluoride window, pass through the
analysis solution, then to the working electrode; the IR signal reaches the detector via similar
beam path. The path length which the IR light passes through should be similar to those used for
solution phase transmission IR, such that the input IR beam is not completely attenuated before
reaching the detector.
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Figure  1-13.  Top  left:  schematic  of  an  IR-SEC  measurement  apparatus  (for  an  in-depth
description,  please  refer  to  reference  below.);  top  right:  IR  spectra  of  carbonyl  stretching
frequencies associated with the Mn complexes shown on the bottom, as a function of applied
potential.  Reprinted  (adapted)  with  permission  from reference.76 Copyright  (2014)  American
Chemical Society.
When  a  negative  potential  is  applied,  such  that  an  electrochemical  process  is  observed  via
monitoring current, the species on the electrode surface can then be characterized via IR-SEC.
Peak  assignment  then  can  be  assessed  by  comparing  to  synthetic  analogs,  computation,  or
previous reports assignments. A more recent and general mechanistic outline is shown below in
Figure 1-14.77 
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Figure  1-14.  Alternate  mechanistic  pathways of  CO2 reduction  using  Mn and  Re bipyridine
tricarbonyl catalysts.  Reprinted (adapted) with permission from reference.77 Copyright (2018)
Elsevier.
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Although the formation of Re-Re and Mn-Mn dimers are not a necessary catalytic step in CO2
reduction  and  are  considered  deactivation  pathways,78-79 ligand  modification  can  be  used  to
control and alter  catalytic pathways and reaction rates. From a cost perspective,  Mn is more
practical than Re due to being more earth-abundant.80 Re based catalysts tend to be more stable
and higher activity than Mn based catalysts, so more research is needed to design more robust
and  efficient  Mn catalysts.  Mn complexes  are  more  easily  reduced  than  the  Re  complexes,
thereby making Mn based complexes capable of more efficient catalysis.60,62 Although currently
accessible catalysts of Re and Mn for CO2 reduction have improved over the course of time,
further  developments  are  needed  to  translate  intriguing  laboratory  curiosity  into  a  broadly
accepted  means  of  energy  production  and  storage,  specifically  with  currently  used  ligand
structure and use of renewable electron and proton donors. With this in mind, catalytic systems
that move towards utilization of photoelectrochemical reduction of CO2 with concurrent water
oxidation are great steps forward in sustainable energy.67, 81 
1.5: Overview of Dissertation Research
Chapter 2 involves the design and synthesis of macrocyclic Co complexes of C-functionalized
cyclam which  include  linkers  of  various  length  and  rigidity,  as  well  as  different  anchoring
groups, to form surface attachment on semiconductor surfaces for photochemical CO2 reduction.
The ligands were assembled in stages from common precursors. Two methods were utilized to
form the C-functionalized cyclam precursor from a rigidly template tetraamine precursor. The
first  method involved synthesis  of  functionalized  biselectrophiles;  this  method had mediocre
success. The second method involved synthesis of C-functionalized tetraamines, which could
then be templated and reacted with unsubstituted biselectrophile; employing this method resulted
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in greater success. Control studies in photocatalysis were performed by surface attachment of the
ligands/complexes on TiO2; pre-coordination of Co was found to be essential. 
Chapter  3  involves  design and synthesis  of  derivatives  of  the  macrocycle  HMD, for  use  as
ligands.   Derivatives  were  designed  to  include  outer-sphere  local  protons  sources  and
photosensitizers, and to extend the plane of the pi system of the ligand framework. Two synthetic
routes were used to form HMD derivatives. The first route involved condensation of ketones
with the monoperchlorate salts of 1,2-diamines. The second route involved the synthesis of α,β-
unsaturated carbonyls  followed by condensation with ethylenediamine.  Both synthetic  routes
were successful, and are required to form tetrasubstituted HMD derivatives of one moiety or two
moieties, respectively. Coordination of Co was difficult and unsuccessful in some cases. Further
work is needed to form macrocycles with bulky substitution.
Chapter  4  has  two  parts,  and  involves  electropolymerization  of  alkene  modified  bipy-Re
tricarbonyl complexes on electrode surfaces and the design and synthesis of bipy functionalized
with  ferrocene  ligands  to  promote  dimeric  one-electron  reduction  of  CO2 with  Mn and  Re
tricarbonyl complexes. Two methods were used to electropolymerize the Re catalysts on gold
and fluorine-doped tin oxide (FTO) electrode surfaces. The first method used multi-cycle cyclic
voltammetry, and the second method used chronoamperometry. The cyclic voltammograms of
the electrodes using first method resembled monomeric form in terms of reduction potentials and
onset potential during CO2 reduction, while the second method made unique reduction potentials
and  a  lower  overpotential  for  CO2 reduction.  A  vinyl-bipy  Re  catalyst  was  successfully
electropolymerized, while a dodecene-bipy Re catalyst was unreactive.
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Ferrocene was functionalized on either one or two rings with bipyridine ligands and coordinated
with  Mn and  Re.  Electrochemical  studies  indicate  increased  dimer  formation  for  the
difunctionalized ferrocene complexes than the monofunctionalized complexes.  All  complexes
exhibit  current  enhancement  at  the  first  reduction  potential  under  CO2  atmospheres  in
acetonitrile, but not in DMF. The difunctionalized ferrocene Re complex exhibit greater dimer
formation in polar solvents such as DMF than the monofunctionalized Re complex.  The addition
of  water  to  a  DMF  solution  of  difunctionalized  ferrocene  Re  complex  resulted  in  current
enhancement under CO2 at the first reduction potential, which indicates successful formation of
one-electron dimer based CO2 reduction. Infrared and optical characterization of the complexes
suggest  successful  formation  of  the  stated  complexes,  however,  further  characterization  is
needed.
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CHAPTER 2: CARBON-FUNCTIONALIZED CYCLAM RELATED
LIGAND SYNTHESIS FOR SURFACE IMMOBILIZATION
2.1: Introduction 
The addition of ligand modifications to proven transition metal complexes used in catalysis often
results  in  deleterious  effects  towards  promoting  catalysis.  Additionally,  switching  out  one
transition  metal  or  counter  ion  for  another  may  or  may  not  be  beneficial.82-83  Nonetheless,
progress  towards  the  ideal  ligand/metal  combination  can  be  achieved  through  well  planned
experiments and serendipitous efforts. An extensively studied catalytic system is photochemical
reduction of CO2.  Being the most oxidized form of carbon, CO2 is a potential replacement of
feedstock carbon (C1)  derived from non-renewable resources,  such as  fossil  fuels,  once in  a
reduced form for  use  in  synthetic  applications  or  as  a  fuel.84 For  use  of  CO2 as  C1 source
economically on an industrial or global scale, photocatalytic systems which are robust, require
earth-abundant metals, and can efficiently utilize natural solar light are at the forefront of catalyst
design principles.
Co(cyclam)  has  been  studied  extensively  as  a  homogeneous  catalyst  in  photochemical  CO2
reduction.  Matsuoka  and  coworkers37 used  an  organic  UV photosensitizer,  p-terphenyl,  and
various  tertiary  amines  as  electron  donors  to  mediate  CO2 reduction  by  Co(cyclam)  and
Co(cyclam) derivatives of varied degree of methylation and unsaturation. With respect to ligand,
cyclam was most efficient at selectively producing CO over H2 in the absence of added water.
When N-H protons are removed by forming imines or N-methylation were used, comparable CO
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production was observed but H2 production increased. Collectively, increased steric hindrance
inhibits  CO2 and  electron  donors  from  binding  to  the  Co(I)  complex,  which  leads  to  H2
production being more favored; N-H protons stabilize CO2 adducts on Co. With respect to use of
the UV photosensitizer, the TON of CO by Co(cyclam) was limited by the degradation of p-
terphenyl via photo-Birch reduction pathways rather than by catalyst degradation.
More recently, heterogeneous catalytic systems with Co(cyclam) immobilized on photo-inert85
insulator  or  UV  light  absorbing  oxide  semiconductor  supports  were  reported  by  Jin  and
coworkers.20  Silanol  (Si-OH)  functional  groups  located  on  the  surface  of  the  inert  support
material, silica (SiO2), were functionalized by two different methods. The first method involved
derivativation of the surface Si-OH groups with a brominated silane agent to provide an anchor
and linker to attach cyclam via alkylation of one of the amines. The second method involved
Co(III) cyclam directly binding to the SiO2 surface by deprotonation of the Si-OH groups and
forming a Si-O-Co(cyclam) surface-bound complex with ambiguous counteranion assignment
(Cl- or OH-). Under photocatalytic conditions using p-terphenyl as the photosensitizer, the former
method showed decreased catalytic performance which was also attributed to alkylation of the
amine group. The latter method showed a comparable CO TON, although greater H2 generation
was observed. 
On the surface of TiO2, there is adsorbed water hydrogen-bonded to the surface and two types of
surface functionality are present: hydroxyl groups (Ti-OH) as well as bridged hydroxyl groups
(Ti-OH-Ti).86 Co(III)  cyclam was reported to be bound to the surface based upon decreased
intensities of IR stretching modes (ν) associated associated with (Ti-OH-Ti). The (Ti-OH) and
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(Ti-OH-Ti) species on TiO286 are generated from water undergoing heterolytic dissociation into
hydroxide (OH-) and a proton (H+) to generate (Ti-OH)  and (Ti-OH-Ti), respectively; the reverse
reaction occurs spontaneously between 100 oC to 250 oC. The ambiguity of the counteranion of
the  Si-O-Co(cyclam)  immobilization  method  also  is  present  with  the  TiO2 support.
Photocatalytic  experiments  showed  that  surface  immobilization  was  essential  for  electron
transfer from the TiO2 photosensitizer to the catalytic Co center for CO2 reduction.
Being an n-type-semiconductor with a bandgap of 3.2 eV,10 TiO2 requires UV light to create
excited state electron-hole pairs to participate in reduction and oxidation reactions, respectively.
Visible light absorption properties can be enhanced87 by substituting O2- with various dopants,
such as nitride (N3-). Some drawbacks include included  hydrophobicity,87 thermal instability,88
and increased carrier recombination rates.88-89 Another semiconductor more recently studied in
CO2 reduction is nitrogen-doped tantalum oxide (N-Ta2O5).90 Here, it was shown computationally
that  anchor  choice,  such  as  carboxylic  acid  or  phosphonic  acid,  on  a  ruthenium  complex
influenced the location of  the density  of states (DOS),  such that  the carboxylic  acid anchor
occupied DOS in the bandgap, while phosphonic acid anchor had DOS in the conduction band.
N-Ta2O5  has  a  band gap of  2.4  eV located  in  the  visible  region,  as  well  as  having a  more
reductive conduction band edge.91 
Although there are well characterized functional groups which can act as anchors21  for surface
immobilization of catalysts on support materials,  as well as the electronic properties for charge
injection  or  extraction  of  photo-excited  states,92 all  metal  centers  of  the  complexes  were
conjugated to the surface and did not address catalytic systems where the catalysts active center
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is not electronically communicating via conjugation with the surface support material but rather
via through-space electron transfer. Currently, there simply is a lack of published knowledge on
how to design anchored surface immobilized catalysts  to facilitate electron transfer from the
photoactive semiconductor to the catalytic site.10 It has been shown on inert supports that surface
immobilized  catalysts  did  not  significantly  alter  the  CO2 reduction  activity  compared  to
homogeneous analogues in the presence of external photosensitizer.93-94 By optimization of the
immobilization components of anchor,  linker length,  and degree of rigidity or flexibility,  the
minimal necessary attributes needed to be incorporated into future surface immobilized catalyst
systems to promote efficient electron transfer from semiconductor photosensitizers to the active
catalytic center, can be achieved. 
In this  chapter,  C-functionalized cyclam ligands will  be described with the aim of installing
various anchor groups with systematic changes in linker length and orientation. By varying these
three parameters, insight into ligand design to optimize catalyst interaction with semiconductor
photosensitizers to promote efficient reduction of CO2 will be achieved. Two methods were used
to  form  C-functionalized  cyclam  ligands.  The  first  method  involved  using  commercially
available 1,4,8,11-tetraazaundecane (2,3,2-tet), and the second method involved incorporating C-
functionality into 2,3,2-tet.  Current literature on C-functionalized cyclams can be found in the
proceeding references.54-56, 58-59 
2.2: Results and Discussion
An organic template method was employed by condensing 2,3-butanedione (diacetyl) with 2,3,2-
tet to form a protected rigid bis-aminal structure,  and was used to direct ring closure of the
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macrocyclic cyclam structure. Ring closure was achieved by a nucleophilic substitution reaction
with the protected tetraamine and various derivatives of 2-substituted 1,3-dibromopropane units.
A general reaction scheme is shown below in Scheme 4. 
Scheme  4.  General  reaction  scheme  for  protected  C-functionalized  cyclam  formation.  a)
dropwise addition of diacetyl in ACN; b) reflux in ACN with K2CO3. R= Br, NO2.
The 2-substituted biselectrophiles were synthesized in  three steps starting from alkylation of
diethyl malonate with 4-substituted benzyl bromide. The resulting diester was reduced to the
respective diol. The biselectrophile was formed after bromination of the diol. A general reaction
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Scheme 5. General synthetic scheme for biselectrophile formation. a)  diethyl malonate, K2CO3,
acetone, gentle heat; b) NaBH4/LiCl in THF/EtOH; c) DCM, PPh3 and NBS. R=Br, NO2.
The rate of the ring closure step, shown in Scheme 6, was found to be influenced by the sterics of
the R-group of the biselectrophile.  For  example,  when R= H as  in 1,3-dibromopropane,  the
reaction takes six hours53 at 60 oC, while when R=nitrobenzyl, the reaction takes five days54 at 60
oC. An intermediate bulky group55 such as R=COOMe, the reaction takes two days at 60 oC. A
general scheme is shown below in Scheme 6.




































After  the  protected  C-functionalized  cyclam is  formed,  the  compound  requires  deprotection
before any metal can be coordinated. However, if further modification is needed, in most cases
the protecting group should remain intact while addition chemistry is performed, such as adding
more  components  to  the  linker  or  adding  an  anchor.  Nonetheless,  deprotection  results  in  a
tetrahydrochloride salt of the cyclam, which are only soluble in water. For the ligand to be used
to coordinate with a metal or further functionalization, a base must be used, such as potassium
hydroxide (KOH) in MeOH. Deprotection and metal coordination are shown in Scheme 7.
 
Scheme 7.  General scheme of deprotection and metal coordination of C-functionalized cyclams.
a) HCl/alcohol; b) KOH/MeOH and divalent metal salt; c) Oxidation to Co(III) requires O2 and
HCl. 
Alternatively,  C-functionalized  cyclams  can  be  synthesized  by  incorporating  the  C-
functionalization into a 2,3,2-tet unit. Once this is formed, the same synthetic transformations of
the previous method can be used. The C-functionalized 2,3,2-tet unit can be synthesized in three
steps and is shown below in Scheme 8. First, diethyl malonate was alkylated with a 4-substituted
benzyl bromide.  The resulting diester was converted to  a diamide in the presence of excess


















Scheme 8. General synthetic scheme for the synthesis of C-functionalized 2,3,2-tet. a) diethyl
malonate, acetone, K2CO3; b) ethylenediamine in MeOH; c) reduction with BH3 in THF.
The C-functionalized tetraamines were then protected and the cyclam ring was closed, as with
the  first  method,  however,  commercially  available  1,3-dibromopropane  was  used  as  the
biselectrophile instead of synthesized biselectrophiles. By using this method, synthesis time can
be reduced by using a less bulky biselectrophile. The protected tetraamines can be stored for later
use in ring closure, or be reacted  in situ  directly after formed; this method also is applicable
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Scheme 9.  Top:  one-pot  method and bottom: two-pot  method for  protected  C-functionalized
cyclam formation. R= 4-NO2, 3-Br, 4-Br.
The first method was used initially during the preparation of C-functionalized protected cyclams,
however,  with  limited  success.  For  example,  compound  9,  15,16-dimethyl-1,4,8,11-
tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane-methyl ester (protected CME) was synthesized
in high purity  as a white  powder,  while  the 4-bromobenzyl  and 4-nitrobenzyl  derivatives of
compound 18 and 8 respectively, were isolated in low yield and purity. The major differences in
each case were less reaction time and being synthesized from commercial starting materials for
9, while  18 and  8 required prolonged heating and used prepared biselectrophiles. For the later
cases, when visually and spectroscopically clean biselectrophiles were used, similar purity was
obtained as when less pure samples were used. Additionally, the synthesis time for protected
cyclams  18 and  8  takes about two weeks, and does not lead to large quantity of material for
further  functionalization.  To  address  these  issues,  the  second  method  of  preparing  of  C-
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Most of the shortcomings of the first method used in preparation of C-functionalized protected
cyclams are improved using the second method, and it is considered to be the method of choice
in future experiments.  By using this method, compound 18 was isolated and was confirmed by
13C NMR. Only a trial run was achieved, so improvement on yield seems possible based on the
yield achieved in the trial run compound 18. All of the starting materials are low cost, allowing
for multigram syntheses. Additionally, other than the first step, the remaining steps in making the
C-functionalized 2,3,2-tet are close to quantitative conversion.  The amide reduction step used to
make  compounds  13,  16,  and  20 differed  from the  methods  typically  used.95-96 97-98 Typical
methods used to reduce amides use borane (BH3) in THF and high yields were reported.95-97
Instead, BH3 was generated in situ by oxidation of sodium borohydride (NaBH4) with iodine (I2);
this reaction can lead to THF cleavage at elevated temperatures.99 Further attempts to reduce
amide should be performed using commercial BH3 in THF, as the cleavage of THF in the NaBH4/
I2 system  results  in  an  iodo-alcohol  hydrocarbon  which  could  readily  react  with  amines,
therefore, yields would be decreased. The time requirement to synthesize C-functionalized 2,3,2-
tet is comparable to functionalized biselectrophile synthesis, but the quantity of material to work
with  is  significantly  greater.  Additionally,  total  synthesis  time  is  reduced  by  having  the
cyclization step not be impeded by sterically cumbersome biselectrophiles. 
Multiple classes of linkers and anchors were investigated and are dependent on functionality
incorporated into the C-functionalized protected cyclams. Bromo derivatives, such as compounds
13 and 18, were used in one class of linkers; the bromo functionality here was used as an anchor
and used to prepare a phosphonate derivative, such as complex 64 for example. Another class of
linkers  based  on  amine  derivatives  such  as  compound  21,  which  can  be  condensed  with
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carboxylic  acids  to  form amide  based linkers.  Hydroxamic  acid  and nitro  groups were  also
investigated as anchoring group, such as in compounds 60 and 61. Some of target structures are
shown below in Scheme 10. Although linker/anchor 27 was synthesized, it was not used in the
synthesis of C-functionalized Co complexes for surface immobilization. The proximity to the
surface  of  a  semiconductor  when  immobilized  can  then  be  used  to  assess  electron  transfer
efficiency based photochemical CO2 reduction activity. Collectively, each class of linker/anchor
system incorporates a range of length, and rigidity and flexibility in the form of bends. Here, the
apparent length or distance from the surface based on the actual length may give conflicting
catalytic results due to the flexibility or actual catalyst loading, which will be discussed in greater
detail when photochemical CO2 reduction activity results are presented.
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Scheme 10. Target structures of Co(III) complex with varied length and orientation with respect
to  surface attachment  point  on the semiconductor.  Chloride counteranions  were removed for
clarity.
To address this, linkers of similar length but with increased rigidity were also developed, as
shown below in Scheme 11. The linkers shown in Scheme 11 were prepared as shown in Scheme
12.  First,  a  substituted  benzyl  bromide  underwent  an  Arbuzov  reaction  with  neat
triethylphosphite at elevated temperatures to attach the anchoring group. This step completed
compound  25. To complete linker  27, compound  26 was cross-coupled with  4-ethynylbenzoic
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Scheme 11. Synthetic scheme for rigid amide linkers and anchors. a) Pd/C and H2 in MeOH; b)
EDAC, HOBt, TEA in DCM with either structure shown in the blue box (compounds 25 and 27).
Scheme 12. Synthesis of rigid linkers. a) neat P(OEt)3, Ra=I, Rb=COOH; b) N2, Pd/C, CuI, PPh3,
TEA, in acetone/water.
When difficulties occurred in synthesizing large quantities of 6-(p-aminobenzyl)-15,16-dimethyl-
1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane  21,  an  alternative  route  was  pursued
using protected CME 9, as shown in Scheme 13. Here, CME 9 was converted to a primary amide
28 in the presence of ammonium hydroxide. The amide was reduced the amine 29 with lithium



































































of  ṽ(C=O) stretching  frequencies  via  IR spectroscopy  due  to  the  insoluble  gummy material
obtained. Further attempts should utilize the BH3 reduction method. 
Scheme 13. Synthetic scheme for introduction of amine functionality using protected CME as a
precursor. a) aqueous NH4OH in MeOH; b) LAH in THF.
During deprotection, the ester group on protected CME 9 can be converted to a carboxylic acid
(CCA) group by using EtOH as a solvent or preserved as an ester by simply changing the solvent
from EtOH to MeOH, respectively.55 In the deprotected form, the ester 10 was converted to the
hydroxamic acid (CHA) 22. The synthetic scheme is shown below in Scheme 14. Hydroxamic
acid  has  been  shown  to  be  a  stable  and  effective  anchor  for  semiconductor  surfaces.100-102
Characterization of 22 was difficult due to the amphoteric nature of the compound. Additionally,
coordination  of  Co  was  feasible,  however  any  attempts  to  isolate  the  green  complex  from
solution  resulted  in  a  color  change  not  representative  of  a  cyclam complexed  with  Co(III)
chloride in the trans configuration.29 Both purple cis-complex and green trans-complex were
isolated in solution from solid based on solvent choice of MeOH or ACN, respectively. Pendant
groups attached to cyclam ligands are known to interact with coordinated metals cations and













Hydroxamic  acids  are  also  are  known to  bind  strongly  the  metal  cations  in  high  oxidation
states,103 and  its  interaction  with  the  Co(III)  metal  center  in  the  absence  of  solvent  or  acid
conditions may be the major influential factor of the color variability of the Co(III)-22.
Scheme 14.  Synthesis  of  CCA and  22 from compound  10.  a)  HCl/water.  b)  hydroxylamine
hydrochloride, NaOH, MeOH. Note: compounds are tetrahydrochloride salts.
Co(III)  complexes of C-functionalized cyclams 60,  67,  and  68 were characterized by CV as
shown below in Figure 2-1. The presence of multiple Co(III)/Co(II) redox couples around -0.4 V
indicates multiple species are present. The symmetry of the first reduction suggests the redox
couple has reversible character, and the absence of an oxidation peak on the reverse scan of the
Co(II)/Co(I) redox couple at more negative potentials suggests irreversibility. Interestingly, the
Co(II)/Co(I) redox couple is more favorable in terms of the relative current generated compared
to the Co(III)/Co(II) reduction current for the Co complexes of C-functionalized cyclams 60, 67,
and 68 than with Co(III) cyclam 30; the CV of Co(III) cyclam 30 is shown also shown in Figure
2-1. Co(I) species are 5-coordinate, while Co(II) and Co(III) are 6-coordinate.43 The functional
groups associated  with C-functionalization of  cyclam may help  facilitate  the removal  of  the
















diffusion of the complexes from the electrode surface; scan rate dependent studies may further
explain this phenomenon.
Figure  2-1.   CV  of  Co(III)  complexes  (1  mM)  in DMF  with  tetrabutylammonium
hexafluorophosphate (TBAH) electrolyte (0.1 M) at a scan rate of 50 mV/s under Ar atmosphere.
a) Co(cyclam). b) Co(CME) 67, Co(CCA) 68, and Co(CHA) 60. 
Synthesized Co(II) and Co(III) complexes were surface immobilized on TiO2 to evaluate their
binding affinity to the surface. In order to eliminate weakly bound or adsorbed species, solvents
of  greater  polarity  than  the  solvent  polarity  used  in  photocatalytic  testing  were  used  when
immobilizing  and  washing  samples.  Prepared  samples  and  homogeneous  catalysts  were
characterized by solid-state diffuse reflectance UV-Vis (DRUV-Vis) spectroscopy and solution
phase UV-Vis, respectively, and summarized in Table 2. 
It was determined that Co must be coordinated to cyclam prior to surface immobilization. When
CHA  22 was  anchored  to  the  surface  of  TiO2,  the  addition  of  CoCl2 resulted  in  an  optical
spectrum which resembled CoCl2 deposited on TiO2, with both samples having an absorbance
maximum (λmax) at 605 nm, as shown in Figure 2-2. When  22 was pre-coordinated to Co and
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oxidized  to  Co(III)-60 prior  to  surface  immobilization,  the  optical  spectra  showed  the  TiO2
absorbance merge with the Co(III) species with a λmax at 555 nm, also shown in Figure 2-2. The
intensity if the TiO2 was either depleted due to high surface coverage of the immobilization, or
due to a strong interaction with the catalyst, although this cannot be confirmed due to the DRUV-
Vis spectra being a qualitative measurement. Also present in the DRUV-Vis spectrum of pre-
coordinated Co(III)-60 on TiO2 is a red shift of the TiO2 conduction band edge, indicating the
presence of DOS at the valence band level the surface of TiO2 which can be excited and access
the conduction band of TiO2.87 This phenomena is present to a different extent with all anchoring
groups  evaluated,  with  the  hydroxamic  acid  anchoring  group  having  the  largest  red  shift.
Although sample loading may be a contributing factor, the higher probability or rather the molar
absorptivity of an electronic transition from the anchoring group to the conduction band of TiO2
is  more  likely  to  be  the  major  contributing  factor  in  the  appearance  of  a  red  shift  to  the
conduction band of TiO2. For example, Co loading concentrations of pre-coordinated Co(III)-60
and pre-coordinated Co(III)-61 on TiO2 was determined via inductively coupled plasma atomic
emission spectroscopy (ICP-AES) to be 0.0313 and 0.0258 μmol/mg, respectively, based on a
detection limit of 1.45 x 10-3 mg/L for Co. The greater Co loading of approximately 1.2 times for
pre-coordinated  Co(III)-60 compared  to  Co(III)-61 on  TiO2 cannot  explicitly  explain  the
significant red shifts in the TiO2 conduction band without considering the availability of electron
transitions  native  to  the  anchoring  group.  Additional  DRUV-Vis  spectra  and  structures  of
catalysts surface immobilized on TiO2 are shown below in Figures 2-3, 2-4, and 2-5.  
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 Table 2: UV-Vis Data of Surface Immobilized Samples and Homogeneous Catalysts  
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[68] Co(III ) CCA
[30] Co(III) cyclam                 
                                                                                                                                                                                                                                                                                  
a: solvent used to prepare heterogeneous sample
b: chloride counteranions are removed for clarity
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Figure 2-2. Graphical representation and DRUV-Vis spectra.  a)  pre-coordinated Co(III) CHA
(green)  60 on TiO2 (grey). b) post-coordinated Co(III) CHA (orange)  and of Co(II) (grey) on
TiO2. Chloride counteranions were removed for clarity.
Surface  immobilized  catalysts  were  further  characterized  by  performing  CO2 reduction  and
analyzing products using gas chromatography (GC). Although TiO2 was not the desired support
material, it was used to run preliminary tests. Selective GC tests are located below in Figures 2-5
and 2-6. The best catalytic performance occurred with TiO2-61, with a TON of 3 in 4 hours. This
result was unexpected based on the premise that the nitro group would be acting as the anchoring
group, which would place the catalyst at a distance similar to TiO2-64, which has a phosphonate
group rather than a nitro group as the anchor, and showed no activity. It should be noted that both
the ester form and acid form of phosphonate derivatives are able to anchor onto TiO2 surfaces.104


























anchor,  the  distance  of  the  catalyst  metal  center  to  the  semiconductor  surface  will  decrease
significantly. TiO2-61 also outperforms TiO2-60, which has an hydroxamic acid anchoring group.
The rigidity of the anchoring group in TiO2-60 would result in the catalyst orientation being more
orthogonal with the semiconductor surface. Conversely, the flexibility of a methylene linker on
TiO2-61 with a π-stacked anchor would result in the catalyst orientation being more parallel to
the  semiconductor  surface;  and  more  parallel  orientation  to  semiconductor  surfaces  is  an
orientation that favors charge transfer.105 
Figure 2-3. Graphical representation and DRUV-Vis spectra. a) pre-coordinated Co(III) CMNB
61  (green) on TiO2 (grey).  b) pre-coordinated Co(III)  CMBB  65 (green) and of TiO2 (grey).
Chloride counteranions were removed for clarity.






































Figure  2-4.  Graphical  representation  and  DRUV-Vis  spectra.  a)  pre-coordinated  Co(III)
CMBABPA (green)  62 on TiO2 (grey). b) pre-coordinated Co(III) CMBPA 64 (green) on TiO2
(grey).  c)  pre-coordinated  Co(III)  CMABPA  63 (green)   and  of  TiO2 (grey).  Chloride
counteranions were removed for clarity.
All other surface immobilized catalysts on TiO2 either were inactive or produced trace amounts
of CO, with the exception of TiO2-63, which produced half as much CO as TiO2-60. The linker
was mostly rigid but had a methylene group near the anchor, which may help orient the catalyst
closer to the surface.  When the linker length was extended to include an additional benzene
group and methylene group, as in TiO2-62 no CO production was observed. Although there was a
higher degree of flexibility in TiO2-62 than in TiO2-63, the linker length may be too long such
that the reach of individual anchored catalyst inhibits another local catalyst from approaching the
semiconductor surface. Optimizing the catalyst loading of surface immobilized samples could be
used  to  elucidate  possible  detrimental  effects  of  linker  entanglement  and  access  of  electron









































































reduction in terms of reductive quenching of conduction band electrons and oxidation quenching
of valence band holes. 
Figure 2-5. GC results of photochemical CO2 reduction of surface immobilized catalysts on TiO2.
TiO2-63 (red);  and  post-coordinated  TiO2-63  (green).  Conditions:  1  mg  catalyst,  3:1  mL
ACN:TEOA, and mercury lamp at 100 mW/cm2 light intensity Error bars were excluded due to
only one trial per sample was tested. Please see Appendix A for general catalyst characterization.




















Figure 2-6. GC results of photochemical CO2 reduction of surface immobilized catalysts on TiO2.
TiO2-61 (red);  TiO2-60  (blue);  and  TiO2-64  (green).  Error  bars  were  determined  from  the
standard deviation of triplicate experiments. Conditions: 1 mg catalyst, 3:1 mL ACN:TEOA, and
mercury lamp at 100 mW/cm2 light intensity. Cobalt loading was determined with ICP-AES to
be 0.0313 and 0.0258 μmol/mg for 60 and 61, respectively. Please see Appendix A for general
catalyst characterization.





















Relevant solution-phase UV-Vis spectra for the catalysts described here as located in Appendix
C. General characterization of CO2 reduction catalysts is located in Appendix A. Attenuated total
reflectance (ATR) IR spectra are located in Appendix B. Nuclear magnetic resonance (NMR)
spectra are located in Appendix D.
2.3: Conclusions
C-functionalized  cyclam ligands  were  successfully  synthesized  and coordinated  with  Co for
surface immobilization on TiO2.  The synthetic routes provided in the literature could not  be
reproduced in reasonable yield and purity when the biselectrophiles were synthesized, however,
literature routes were reproduced when commercial precursors were used. A new route to C-
functionalized  cyclams  was  proposed  using  C-functionalized  tetraamines  instead  of
biselectrophiles and successfully implemented, although further work is needed to increase the
overall yield.   
Photocatalysis experiments using surface immobilized Co complexes of C-functionalized cyclam
suggests that there is a limitation of linker length such that increased linker length may cause
interference  from  other  local  catalysts,  thereby  inhibiting  access  of  the  catalytic  center  to
approach the TiO2 surface for electron transfer. Additionally, bends adjacent to the anchoring
group can be used to promote a more facile approach of catalyst  to the surface for electron
transfer.  Further work is needed to determine catalyst  loadings as well  as the optimal linker
lengths and number of bends. Additionally, the orientation of the nitro anchoring group was not
determined, however, photocatalysis results suggests that a n-π donor-acceptor complex is the
anchor rather than a chelate based anchor; future work using IR spectroscopy may be used to
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determine the orientation of the nitrobenzene group on the surface.106 Although TiO2 is not the




Diethyl  2-(p-nitrobenzyl)malonate  [1]. The  following  procedure  was  modified  from  the
literature.107 To a  stirred  suspension of  potassium carbonate  (K2CO3)  (3.84  g,  27.8  mmol,  2
equiv.) and diethyl malonate (11.1 g, 69.5 mmol, 5 equiv.) in acetone was p-nitrobenzyl bromide
(3 g, 13.9 mmol, 1 equiv.) added and heated at 40  oC for approximately 2 hours. The reaction
was monitored with thin layer  chromatography (TLC).  After  completion of the reaction,  the
reaction  mixture  was vacuum filtered  and the  solid  was washed with  fresh  acetone.  Excess
diethyl malonate was removed via vacuum distillation by gradient heating up to 130  oC.  The
flask was removed from the oil bath and cooled. The residue was stirred in ethanol for 1 hour,
then the precipitate was removed by vacuum filtration. The filtrate was cooled in the freezer and
the precipitated crystals were collected by vacuum filtration (2.95 g, 72% yield). 1H NMR (400
MHz, Chloroform-d) δ 8.19 – 8.10 (m, 2H), 7.43 – 7.35 (m, 2H), 4.25 – 4.08 (m, 4H), 3.66 (t, J
= 7.8 Hz, 1H), 3.31 (d,  J = 7.8 Hz, 2H), 1.21 (td,  J = 7.1, 0.7 Hz, 6H).  13C NMR (101 MHz,






2-(p-nitrobenzyl)-1,3-propanediol  [2]. The  method  was  modified  from  the  literature.108 A
suspension of NaBH4 (1.36 g, 36 mmol, 4 equiv.) and LiCl (76 mg, 1.8 mmol, 0.2 equiv.) in 1:1
THF:EtOH (25 mL total vol.) was cooled in an ice bath. Diethyl 2-(4-nitrobenzyl)malonate  1
(2.95 g, 8.9 mmol, 1 equiv.) was added portion wise. The mixture was stirred overnight without
recharging to the ice bath. The suspension was chilled in an ice bath and concentrated HCl (3
mL) added dropwise. The suspension was stirred at room temperature for 1 hour. The suspension
was centrifuged and washed with the reaction solvent mixture. All fractions were combined and
the  solvent  was  removed  under  reduced  pressure.  The  residual  viscous  substance  was
precipitated via sonication in minimal volume of hexane (1.7 g, 81% yield). 1H NMR (400 MHz,
Chloroform-d) δ 8.20 – 8.10 (m, 2H), 7.41 – 7.29 (m, 2H), 3.80 (dt, J = 10.7, 3.0 Hz, 2H), 3.66
(ddd, J = 10.3, 6.4, 2.2 Hz, 2H), 2.79 (d, J = 7.6 Hz, 2H), 2.42 (d, J = 4.0 Hz, 2H), 2.04 (ddtd, J
= 11.1, 7.6, 3.8, 2.4 Hz, 1H).
2-(p-nitrobenzyl)-1,3-dibromopropane [3]. The method was modified from the literature.109 A
suspension  of  2-(4-nitrobenzyl)-1,3-propanediol  2 (1.7  g,  8.04  mmol,  1  equiv.)  and
triphenylphosphine  (PPh3)  (4.64  g,  17.7  mmol,  2.2  equiv.)  in  dichloromethane  (DCM)  was








equiv.) was added in one portion and the yellow solution was then removed from the ice bath and
stirred for 2 hours. The solvent was removed under reduced pressure until solution appeared
viscous. The viscous solution was chromatographed over silica (SiO2) with 10% ethyl acetate
(EtOAc)/hexanes. The eluent was removed under reduced pressure to yield a brilliant white solid
(1.36 g, 50% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.15 (m, 2H), 7.45 – 7.37 (m,
2H), 3.61 – 3.52 (m, 2H), 3.39 (dd, J = 10.4, 5.9 Hz, 2H), 2.92 (d, J = 7.3 Hz, 2H), 2.31 (ttt, J =
7.3, 5.8, 4.4 Hz, 1H).  13C NMR (101 MHz, Chloroform-d) δ 146.97, 145.93, 129.92, 123.99,
43.42, 37.09, 35.04.
Diethyl  2-(p-bromobenzyl)malonate  [4]. The  following  procedure  was  modified  from  the
literature.107 To a stirred suspension of K2CO3 (11.06 g, 80 mmol, 2 equiv.) and diethyl malonate
(31 g, 200 mmol, 5 equiv.) in acetone was p-bromobenzyl bromide (10 g, 40 mmol, 1 equiv.)
added and heated at 40 oC for approximately 2 hours and the reaction was monitored with TLC.
After completion of the reaction, the reaction mixture was vacuum filtered and the solid was
washed with fresh acetone. Excess diethyl malonate was removed via vacuum distillation by
gradient heating up to 130 oC.  The flask was removed from the oil bath and cooled. The residue
oil was filtered over a plug of silica of used in the next steps without further purification (10 g,
76% yield).1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.34 (m, 2H), 7.12 – 6.97 (m, 2H), 4.24
– 4.03 (m, 4H), 3.63 – 3.54 (m, 1H), 3.15 (d, J = 7.8 Hz, 2H), 1.20 (td, J = 7.1, 0.4 Hz, 6H).13C







2-(p-bromobenzyl)-1,3-propanediol [5]. A suspension of NaBH4  (3.68 g, 97.3 mmol, 4 equiv.)
and LiCl (206 mg, 4.86 mmol, 0.2 equiv.) in 1:1 THF:EtOH (60 mL total volume) was cooled in
an ice bath. Diethyl 2-(p-bromo-benzyl)malonate 4 (8 g, 24.3 mmol, 1 equiv.) was added portion
wise. The mixture was stirred overnight without recharging to the ice bath. The suspension was
chilled in an ice bath and concentrated HCl (8.1 mL) added dropwise. The suspension was stirred
at room temperature for one hour. The suspension was centrifuged and washed with the reaction
solvent  mixture.  All  fractions  were  combined  and  the  solvent  was  removed  under  reduced
pressure. The residual viscous substance was precipitated via sonication in minimal volume of
hexane (5.14 g, 69% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.35 (m, 2H), 7.09 –
7.00 (m, 2H), 3.75 (dd, J = 10.7, 3.8 Hz, 2H), 3.62 (dd, J = 10.7, 6.7 Hz, 2H), 2.72 (s, 2H), 2.57
(d, J = 7.5 Hz, 2H), 2.05 – 1.91 (m, 1H). 13C NMR (101 MHz, Chloroform-d) δ 138.82, 131.48,
130.74, 119.90, 64.99, 43.65, 33.55.
2-(p-bromobenzyl)-1,3-dibromopropane [6]. The method was modified from the literature.109 A
suspension of 2-(4-bromobenzyl)-1,3-propanediol 5 (1.8 g, 7.3 mmol, 1 equiv.) and PPh3 (4.2 g,
16 mmol, 2.2 equiv.) in DCM was cooled in an ice bath and sparged with N2. NBS (2.9 g, 16








ice bath and stirred for 2 hours. The solvent was removed under reduced pressure until solution
appeared  viscous.  The  viscous  solution  was  chromatographed  over  SiO2 with  10%
EtOAc/hexanes. The eluent was removed under reduced pressure to yield a colorless oil (1.4 g,
51% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.38 (m, 2H), 7.15 – 7.06 (m, 2H), 3.56
(dd, J = 10.3, 4.4 Hz, 2H), 3.40 (dd, J = 10.3, 6.0 Hz, 2H), 2.74 (d, J = 7.3 Hz, 2H), 2.23 (ttt, J =
7.3, 6.0, 4.4 Hz, 1H).  13C NMR (101 MHz, Chloroform-d) δ 137.12, 131.82, 130.76, 120.65,
43.59, 36.72, 35.46.
5,13-dimethyl-1,4,6,9-tetraazatricyclo[7.3.1.05,13]tridecane [7]. The  method  was  followed
from the literature.53 1,4,8,11-tetraazaundecane (1.4 g, 5.5 mmol, 1 equiv.) was added to ACN
and cooled in an ice bath. Diacetyl (476 mg, 5.5 mmol, 1 equiv.) was diluted with ACN and
added dropwise via pressure equalizing dropper funnel. The solution was stirred for 4 hours. The
solvent was removed under reduced pressure and the residual solid was recrystallized from hot
hexanes as transparent needles (1.3 g, 72% yield).1H NMR (400 MHz, Chloroform-d) δ 3.55 (td,
J = 11.9, 4.0 Hz, 1H), 3.33 – 3.04 (m, 3H), 2.87 (dd, J = 13.3, 4.0 Hz, 1H), 2.69 (td, J = 12.5, 4.3
Hz, 1H), 2.61 – 2.11 (m, 9H), 1.36 (s, 3H), 1.27 (s, 3H), 1.14 (dtt, J = 13.6, 4.1, 1.5 Hz, 1H). 13C








[8].  The  method  was  modified  from  the  literature.55 5,13-dimethyl-1,4,6,9-
tetraazatricyclo[7.3.1.05,13]tridecane 7 (587 mg, 2.8 mmol,  1 equiv.)  and K2CO3 (1.93 g,  14
mmol, 5 equiv.) were added to ACN and the solution was sparged with N2. The solution was
heated to 60 oC and 2-(4-nitrobenzyl)-1,3-dibromopropane 3 (940 mg, 2.8 mmol, 1 equiv.) was
added dissolved in a minimal amount of ACN. The suspension was stirred for 5 days at 60 oC.
The  colored  suspension was  filtered  over  celite  and the  filtrate  solvent  was  removed under
reduced pressure to leave an orange to red highly viscous residue. The residue was purified by
column chromatography over basic alumina (Al2O3),  followed by repeated hot filtration from
hexanes (184 mg, 17% yield).
15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane-6-carboxylic  acid
methyl ester: Protected CME [9].  The method was modified from the literature.55 Protected
1,4,8,11-tetraazaundecane 7 (1 g, 4.75 mmol, 1 equiv.) and K2CO3 (3.28 g, 23.7 mmol, 5 equiv.)












methyl 3-bromo-2-(bromomethyl)propionate (1.24 g, 4.75 mmol, 1 equiv.) was added dissolved
in a minimal amount of ACN. The suspension was stirred for 2 days. The colored suspension was
filtered  over  celite  and the  filtrate  solvent  was removed under  reduced pressure to  leave  an
orange to red highly viscous residue. The residue was purified by column chromatography over
basic Al2O3 with DCM (1.1 g, 76% yield). 1H NMR (400 MHz, Chloroform-d) δ 3.69 (d, J = 0.4
Hz, 3H), 3.47 – 3.28 (m, 4H), 3.23 (td, J = 13.9, 4.0 Hz, 1H), 2.76 – 2.08 (m, 14H), 1.26 – 1.21
(m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 174.74, 73.90, 73.36, 52.22, 50.45, 50.27, 48.97,
47.94, 46.71, 46.55, 46.38, 44.84, 35.55, 17.96, 10.70, 10.00. ṽ (cm-1): 1714.
1,4,8,11-Tetraazacyclotetradecane-6-carboxylic  acid  methyl  ester 4HCl:  CME∙4HCl [10].
The method was modified from the literature.55 Protected CME 9 (1 g, 3.24 mmol, 1 equiv.) was
dissolved in MeOH and HCl (3 M in MeOH) was added. The solution was stirred at 60 oC for
two days. The precipitate was vacuum filtered and washed with cold MeOH until the precipitate
was white and the filtrate was clear (1 g, 62% yield). 1H NMR (400 MHz, Deuterium Oxide) δ








2.4.2: Derivative Tetraamine Synthesis
Diethyl  2-(m-bromobenzyl)malonate [11].  The following procedure  was modified  from the
literature.107 To a stirred suspension of K2CO3 (11.06 g, 80 mmol, 2 equiv.) and diethyl malonate
(31 g, 200 mmol, 5 equiv.) in acetone was m-bromobenzyl bromide (10 g, 40 mmol, 1 equiv.)
added and heated at 40 oC for approximately 2 hours. The reaction was monitored with thin layer
chromatography. After completion of the reaction, the reaction mixture was vacuum filtered and
the solid was washed with fresh acetone.  Excess diethyl malonate was removed via vacuum
distillation by gradient  heating up to  130  oC; hot oil  was pipetted onto the short  distillation
column.  The flask was removed from the oil bath and cooled. The residue oil was filtered over a
plug of SiO2 of used in the next steps without further purification (10 g, 76% yield).  1H NMR
(400 MHz, Chloroform-d) δ 7.40 – 7.29 (m, 2H), 7.18 – 7.08 (m, 2H), 4.16 (qd, J = 7.1, 1.4 Hz,
4H), 3.60 (t, J = 7.8 Hz, 1H), 3.17 (d, J = 7.8 Hz, 2H), 1.21 (t, J = 7.1 Hz, 6H).
6-(m-bromobenzyl)-1,4,8,11-tetraazaundecane-5,7-dione [12].  The following procedure was
modified  from the literature.97 Ethylenediamine  (10 g,  166 mmol,  10 equiv.)   was  added to












was mixed in MeOH and added in portions to the former solution. The solution was stirred for 20
minutes then heated at 60  oC overnight.  The solution was cooled and the solvent and excess
ethylenediamine  were  removed  under  reduced  pressure.  The  yellow/off  white  residue  was
dissolved  in  hot  chloroform  and  precipitated  into  a  hot  stirred  solution  of  hexanes.  The
voluminous white  precipitate  was  stirred  for  20  minutes  while  heating  then  cooled  to  room
temperature. The precipitate was vacuum filtered and washed with hexanes. The white powder
was then dried overnight under vacuum (5.5 g, 98% yield). 1H NMR (400 MHz, Chloroform-d) δ
7.40 – 7.32 (m, 2H), 7.19 – 7.12 (m, 2H), 6.98 (s, 1H), 3.35 – 3.09 (m, 6H), 2.80 – 2.64 (m, 4H),
1.24 (d, J = 55.5 Hz, 6H).
6-(p-bromobenzyl)-1,4,8,11-tetraazaundecane  [13].  The  following  procedure  was  modified
from the literature.99 All glassware was dried in an oven overnight prior to use. THF was dried
over activated molecular seives for at least 24 hours prior to use. In a three neck flask equipped
with  a  N2 inlet,  pressure  equalizing  dropper  funnel,  and  thermometer.  6-(m-bromo-benzyl)-
1,4,8,11-tetraazaundecane-5,7-dione 12 (5 g, 14 mmol, 1 equiv.) and NaBH4 (2.9 g, 77 mmol, 5.4
equiv.) added. Oxygen (O2) was displaced from the headspace under a strong N2 flow through an
oil bubbler outlet. THF (70 mL) was added to the dropper funnel and sparged with N2, to which
30 mL was added to the reaction flask. The white suspension was stirred and cooled in an ice






The THF/I2 solution was added dropwise, such that the reaction solution did not raise above 5 oC.
The iodine should dissipate quickly at the beginning of addition and slower towards the end of
addition. Care was taken to react all iodine in the reaction flask prior to continuing to prevent
detrimental cleavage of the THF solvent. The white suspension was then heated at reflux for ca.
60 hours. The reaction flask was occasionally sonicated to break up chunks on the sides of the
flask.  TLC was performed on SiO2 (5:5:2 chloroform (CHCl3):MeOH: ammonium hydroxide
(NH4OH)). The reaction was then cooled in an ice bath and quenched with 3M HCl. After the
first few drops of HCl, the solution cleared; however, further addition made the solution turbid.
The solution was made basic with 3M NaOH, which resulted in the appearance of a sticky white
solid  on  the  bottom of  the  flask.  The  solution  was  heated  and  MeOH was  added  until  the
majority of the sticky white solid dissolved. Water (H2O) was added and the solution was heated
overnight.  The  solution  was  extracted  with  chloroform,  washed  with  brine,  and  dried  over
sodium sulfate.  The oily  residue was subjected to column chromatography over  silica (5:5:2
CHCl3:MeOH:NH4OH) where the last TLC point was collected. The fractions were combined
and the solvent  was removed under  reduced pressure to  yield a  light  yellow oil  of medium
viscosity. Alternatively, the crude oil was heated at 140 oC and distilled at under reduced pressure,
which yielded a colorless oil (922 mg, 20% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.36 –
7.26 (m, 2H), 7.17 – 7.05 (m, 2H), 2.75 (t, J = 5.5 Hz, 4H), 2.65 – 2.51 (m, 10H), 1.95 (tt, J =
7.2, 5.2 Hz, 1H), 1.77 (s, 6H). 13C NMR (101 MHz, Chloroform-d) δ 143.05, 132.06, 129.81,
129.01, 127.71, 122.34, 52.84, 52.70, 41.59, 40.56, 37.48.
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6-(m-bromobenzyl)-1,4,8,11-tetraazaundecane  4HCl  [14].  6-(m-benzyl)-1,4,8,11-
tetraazaundecane 13 (100 mg, 0.3 mmol, 1 equiv.) was dissolved in EtOH and concentrated HCl
was added dropwise. The white precipitate was collected by vacuum filtration (100 mg, 69%
yield). 1H NMR (400 MHz, Deuterium Oxide) δ 7.38 (dt, J = 6.7, 1.8 Hz, 2H), 7.23 – 7.11 (m,
2H), 3.27 (q, J = 2.4 Hz, 8H), 3.21 (dd, J = 13.2, 6.7 Hz, 2H), 3.01 (dd, J = 13.2, 6.3 Hz, 2H),
2.72 (d, J = 7.6 Hz, 2H), 2.49 (hept, J = 6.8 Hz, 1H).
6-(p-bromobenzyl)-1,4,8,11-tetraazaundecane-5,7-dione  [15].  The  following  procedure  was
modified  from the literature.97 Ethylenediamine  (10 g,  166 mmol,  10 equiv.)   was  added to
MeOH and cooled in an ice bath.  Diethyl  2-(4-bromobenzyl)malonate  4 (5 g,  16.6 mmol,  1
equiv.) was mixed in MeOH and added in portions to the former solution.  The solution was
stirred for 20 minutes then heated at 60 oC overnight.  The solution was cooled and the solvent













was  dissolved  in  hot  CHCl3 and  precipitated  into  a  hot  stirred  solution  of  hexanes.  The
voluminous  white  precipitate  was  stirred  for  20  minutes  while  heated  then  cooled  to  room
temperature. The precipitate was vacuum filtered and washed with hexanes. The white powder
was then dried overnight under vacuum (5.5 g, 95% yield). 1H NMR (400 MHz, Chloroform-
d) δ 7.42 – 7.37 (m, 2H), 7.13 – 7.07 (m, 2H), 7.04 (t, J = 5.2 Hz, 1H), 3.25 – 3.11 (m,
6H), 2.72 (qdd,  J = 12.9, 6.4, 5.4 Hz, 4H), 1.58 – 1.51 (m, 6H).  13C NMR (101 MHz,
Chloroform-d) δ 170.23, 137.09, 131.57, 130.58, 120.69, 56.75, 42.30, 41.13, 37.95.
6-(p-bromobenzyl)-1,4,8,11-tetraazaundecane  [16].  The  following  procedure  was  modified
from the literature.99 All glassware was dried in an oven overnight prior to use. THF was dried
over activated molecular sieves for at least 24 hours prior to use. In a three neck flask equipped
with a N2 inlet, pressure equalizing dropper funnel, and thermometer, was 6-(p-benzyl)-1,4,8,11-
tetraazaundecane-5,7-dione 15 (5 g, 14 mmol, 1 equiv.) and NaBH4 (2.9 g, 76 mmol, 5.4 equiv.)
added.  O2 was displaced from the headspace under a strong N2 flow through an oil  bubbler
outlet. THF (70 mL) was added to the dropper funnel and sparged with N2, to which 30 mL was
added to the reaction flask. The white suspension was stirred and cooled in an ice bath. I 2 (8.2 g,
33 mmol, 2.3 equiv.) was added to the dropper funnel. N2 flow was then removed. The THF/I2






should dissipate quickly at the beginning of addition and slower towards the end of addition.
Care was taken to react all iodine in the reaction flask prior to continuing to prevent detrimental
cleavage of the THF solvent.99 The white suspension was then refluxed for ca. 60 hours. The
reaction flask was occasionally sonicated to  break up chunks on the sides of the flask.  The
reaction was then cooled in an ice bath and quenched with 3M HCl. After the first few drops of
HCl, the solution cleared; however, further addition made the solution turbid. The solution was
made basic with 3M NaOH, which resulted in the appearance of a sticky white solid on the
bottom of the flask. The solution was heated and MeOH was added until the majority of the
sticky  white  solid  dissolved.  Water  was  added  and  the  solution  was  heated  overnight.  The
solution was extracted with CHCl3, washed with brine, and dried over anhydrous sodium sulfate
(Na2SO4).  The  oily  residue  was  subjected  to  column  chromatography  over  SiO2  (5:5:2
CHCl3:MeOH:NH4OH) where the slowest elution TLC point was collected. The fractions were
combined and the solvent was removed under reduced pressure to yield a light yellow oil of
medium  viscosity.  Alternatively,  the  crude  oil  was  distilled  under  reduced  pressure,  which
yielded a colorless oil (920 mg, 20% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.33
(m, 2H), 7.07 – 7.00 (m, 2H), 2.74 (t, J = 5.5 Hz, 4H), 2.63 – 2.49 (m, 10H), 1.94 (tt, J = 7.2, 5.0
Hz, 1H), 1.82 (s, 6H).  13C NMR (101 MHz, Chloroform-d) δ 139.53, 131.32, 130.78, 119.66,
52.84, 52.61, 41.50, 40.52, 37.31.
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6-(p-bromobenzyl)-5,13-dimethyl-1,4,6,9-tetraazatricyclo[7.3.1.05,13]tridecane [17].  The
method was followed from the literature.53 6-(p-benzyl)-1,4,8,11-tetraazaundecane 16 (899 mg,
2.73 mmol, 1 equiv.) was added to ACN and cooled in an ice bath. Diacetyl (237 μL, 2.73 mmol,
1  equiv.)  was  diluted  with  acetonitrile  and  added  dropwise  via  pressure  equalizing  dropper
funnel. The solution was stirred for four hours. The solvent was removed under reduced pressure
and the residual solid was recrystallized from hot hexanes (414 mg, 40% yield). 1H NMR (400
MHz, Chloroform-d) δ 7.42 – 7.33 (m, 2H), 7.03 – 6.94 (m, 2H), 3.42 (t, J = 11.4 Hz, 1H), 3.14
(dt, J = 27.1, 12.4 Hz, 2H), 2.95 (t, J = 13.6 Hz, 1H), 2.86 (d, J = 12.8 Hz, 1H), 2.62 – 2.13 (m,
12H), 1.34 (s, 3H), 1.31 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 138.52, 131.36, 130.45,
119.77, 73.13, 68.16, 55.11, 53.06, 51.15, 46.69, 42.05, 39.17, 38.49, 29.16, 23.86, 10.78.
6-(p-bromobenzyl)-15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane
[18].  The  method  was  modified  from  the  literature.53,  55 6-(p-bromo-benzyl)-1,4,8,11-












Diacetyl (227 μL, 2.61 mmol, 1 equiv.) was diluted with ACN and added dropwise via pressure
equalizing dropper funnel. The solution was stirred for four hours. K2CO3 (1.80 g, 13.1 mmol, 5
equiv.) was added and the solution was sparged with N2. The solution was heated to 60 oC and
1,3-dibromopropane (527 mg, 2.61 mmol, 1 equiv.) was added dissolved in a minimal amount of
ACN. The suspension was stirred overnight. The colored suspension was filtered over celite and
the filtrate solvent was removed under reduced pressure to leave an orange to red highly viscous
residue.  The residue was purified by column chromatography over basic  Al2O3,  followed by
repeated hot filtration from hexanes (150 mg, 14% yield).1H NMR (400 MHz, Chloroform-d) δ
7.39 – 7.28 (m, 2H), 6.99 – 6.89 (m, 2H), 3.71 (ddd, J = 12.5, 11.1, 4.1 Hz, 1H), 3.59 (ddd, J =
12.4, 10.9, 4.1 Hz, 1H), 3.21 (td, J = 13.9, 3.8 Hz, 1H), 2.87 (dd, J = 13.7, 11.6 Hz, 1H), 2.64 –
2.40 (m, 8H), 2.39 – 2.10 (m, 9H), 1.24 (d, J = 16.2 Hz, 6H). 13C NMR (101 MHz, Chloroform-
d) δ 138.53, 131.28, 130.37, 119.68, 74.02,  73.93,  55.36,  52.93,  50.25,  50.20,  49.19,  46.60,
45.91, 44.86, 38.38, 28.48, 17.94, 11.00, 10.77.
6-(p-nitrobenzyl)-1,4,8,11-tetraazaundecane-5,7-dione  [19].  The  following  procedure  was
modified from the literature.97 Ethylenediamine (10 g, 174 mmol 10 equiv.)  was added to MeOH
and cooled in a NaCl ice bath. Diethyl 2-(p-nitro-benzyl)malonate 1 (5 g, 17 mmol, 1 equiv.) was
dissolved in MeOH and added dropwise to the former solution via pressure equalizing dropper








addition, the solution was stirred for overnight. The reaction progression was monitored with
TLC. Once the reaction was complete, the solvent and excess ethylenediamine was removed
under reduced pressure. The yellow/tan residue was dissolved in hot EtOH and precipitated into
a hot stirred solution of hexanes. The voluminous yellow precipitate was stirred for 20 minutes
while heating then cooled to room temperature. The precipitate was vacuum filtered and washed
with hexanes.  The yellow/tan powder was then dried overnight  under vacuum (3.86 g,  93%
yield).1H NMR (400 MHz, Chloroform-d) δ 8.19 – 8.10 (m, 2H), 7.43 – 7.36 (m, 2H), 6.97 (s,
2H), 3.32 – 3.17 (m, 6H), 2.88 – 2.61 (m, 5H), 1.43 (s, 6H).
6-(p-nitrobenzyl)-1,4,8,11-tetraazaundecane [20]. The following procedure was modified from
the literature.99 All glassware was dried in an oven overnight prior to use. THF was dried over
activated molecular sieves for at least 24 hours prior to use. In a three neck flask equipped with a
N2 inlet, pressure equalizing dropper funnel, and thermometer, was 6-(p-nitrobenzyl)-1,4,8,11-
tetraazaundecane-5,7-dione  19 (3.23 g, 10 mmol, 1 equiv.) and NaBH4 (2.04 g, 54 mmol, 5.4
equiv.)  added.  O2 was  displaced from the  headspace under  a  strong N2 flow through an oil
bubbler outlet. THF (70 mL) was added to the dropper funnel and sparged with N2, to which 30
mL was added to the reaction flask. The white suspension was stirred and cooled in an ice bath.
I2 (6.35 g,  25 mmol,  2.5 equiv.)  was  added to the  dropper  funnel.  Nitrogen flow was then






beginning of addition and slower towards the end of addition. Care was taken to react all iodine
in the reaction flask prior to continuing to prevent detrimental cleavage of the THF solvent. The
clear solution was warmed to room temperature. The yellow/tan suspension was then heated at
60 oC for ca. 36 hours and stirred vigorously.  The reaction was then cooled in an ice bath and
quenched  with  3M  HCl  (3:1  H2O:MeOH),  thereafter,  the  solution  changed  from  orange  to
yellow. The solution was made basic with 3M NaOH. The solution was heated at 60  oC for one
hour, until  clear.  The solution was extracted with CHCl3,  washed with brine,  and dried over
Na2SO4. The orange solution was gravity filtered and the solvent was removed under reduced
pressure.  The  oily  residue  was  subjected  to  column  chromatography  over  silica  (5:5:2
CHCl3:MeOH:NH4OH) where the slowest elution TLC point was collected. The fractions were
combined and the solvent was removed under reduced pressure to yield a light yellow oil of
medium viscosity (891 mg, 20% yield).
2.4.3 Linker and Anchor Synthesis
6-(p-aminobenzyl)-15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane
[21].  6-(p-nitrobenzyl)-15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane
8 (70 mg, 0.02 mmol, 1 equiv.) was dissolved in MeOH and sparged with H2 and 10% palladium
on carbon (Pd/C) (0.5 mg, 4.2 x 10-5 mmol,  0.0025 equiv.)  was added. The suspension was







refilled as needed. The suspension was then vacuum filtered over celite and the filtrate solvent
was removed under reduced pressure, and used without further purification (52 mg, 80% yield). 
1,4,8,11-Tetraazacyclotetradecane-6-hydroxamic acid tetrahydrochloride: CHA∙4HCl [22].
The method was modified from the literature.110 CME∙4HCl 10 (500 mg, 1.24 mmol, 1 equiv.)
and hydroxylamine hydrochloride (859 mg, 12.4 mmol, 10 equiv.) were stirred in MeOH and
cooled in an ice bath. The solution was sparged with N2 briefly and NaOH (742 mg, 18.5 mmol,
15 equiv.) was added and stirred for 15 minutes. The solution was warmed to room temperature
then gently refluxed overnight. The mixture was gravity filtered and volatile components were
removed under reduced pressure. The residue was redissolved in methanol and gravity filtered.
The solution was cooled and concentrated HCl was added. The white precipitate was stirred
briefly then vacuum filtered, washed with cold MeOH, and dried under vacuum (263 mg, 53%
yield). 1H NMR (400 MHz, Deuterium Oxide) δ 3.48 – 3.08 (m, 16H), 2.83 (tt, J = 6.9, 4.9 Hz,
1H), 2.03 – 1.94 (m, 2H).
4-(diethyl-benzylphosphonate)benzanilide [23].  The  method  was  modified  from  the
literature.111 4-(diethyl-benzylphosphonate)benzoic  acid 25 (55  mg,  0.18  mmol,  1  equiv.),  1-
















hydroxybenzotriazole hydrate (HOBt) (33 mg, 0.22 mmol, 1.2 equiv.) were mixed in DCM for 5
minutes. To the turbid solution, aniline (23 μL, 0.22 mmol, 1.2 equiv.) and triethylamine (TEA)
(57  μL, 0.36 mmol, 2 equiv.) were added. The clear solution was stirred at room temperature
overnight. The reaction solution was diluted with DCM. The organic phase was washed first with
HCl (0.1M, 5x), followed by saturated Na2CO3 (3x). The organic phase was dried over anhydrous
MgSO4,  gravity filtered,  then the solvent was removed under reduced pressure (36 mg, 51%
yield). 1H NMR (400 MHz, Chloroform-d) δ 8.33 (s, 1H), 7.87 – 7.79 (m, 2H), 7.71 – 7.61 (m,
2H), 7.40 – 7.28 (m, 4H), 4.00 (dqt, J = 8.4, 7.3, 3.5 Hz, 4H), 3.18 (d, J = 22.0 Hz, 2H), 1.24 (td,
J = 7.0, 0.5 Hz, 6H).
4-ethynyl-N-phenyl-benzamide  [24].  The  method  was  modified  from  the  literature.111 4-
ethynylbenzoic acid (250 mg, 1 equiv.), EDAC (266 mg, 1.5 mmol, 1 equiv.) and HOBt (277 mg,
1.8 mmol, 1.2 equiv.) were mixed in DCM for 5 minutes. To the turbid solution, aniline (187 μL,
1.8 mmol, 1.2 equiv.) and TEA (477 μL, 3 mmol, 2 equiv.) were added. The clear solution was
stirred at room temperature overnight. The reaction solution was diluted with DCM. The organic
phase was washed first with HCl (0.1M, 5x), followed by saturated Na2CO3 (3x). The organic
phase was dried over anhydrous MgSO4, gravity filtered, then the solvent  was removed under
reduced pressure (189 mg, 50% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.30 (s, 1H), 7.99 –
7.91 (m, 2H), 7.79 – 7.71 (m, 2H), 7.66 – 7.49 (m, 2H), 7.39 – 7.29 (m, 2H), 7.09 (ddt, J = 7.7,




4-(diethyl-benzylphosphonate)benzoic  acid [25].  The method  was  modified  from  the
literature.112 4-(bromomethyl)benzoic acid (1.08 g, 1 equiv).and triethyl phosphite (943μL, 1.1
equiv) were mixed in toluene a septum sealed test tube and sparged with N2. The mixture was
heated at reflux overnight. The solution was cooled, and the precipitate was collected by vacuum
filtration, and washed with Et2O (850 mg, 63% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.06
– 7.98 (m, 2H), 7.39 (dq, J = 8.4, 2.0 Hz, 2H), 4.06 (dqd, J = 8.4, 7.1, 1.2 Hz, 4H), 3.25 (d, J =
22.3 Hz, 2H), 1.26 (td, J = 7.1, 0.4 Hz, 6H).
Diethyl (4-iodobenzyl)phosphonate [26]. The method was modified from the literature.112  The
method was modified from the literature. 4-iodobenzyl bromide (500 mg, 1 equiv) and triethyl
phosphite (346 μL, 1.2 equiv) were mixed in a septum sealed test tube and sparged with N2. The
mixture was heated at 130 oC for 3 hours. The excess triethyl phosphite was removed while
heated under vacuum (569 mg, 95% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.67 – 7.54 (m,
2H), 7.05 – 6.96 (m, 2H), 3.98 (dqd, J = 8.3, 7.1, 1.8 Hz, 4H), 3.03 (d, J = 21.7 Hz, 2H), 1.21 (td,
J = 7.1, 0.5 Hz, 6H).  13C NMR (101 MHz, Chloroform-d) δ 137.55, 137.52, 131.71, 131.65,













4-[(4-diethyl benzyl phosphonate)ethynyl]benzoic acid [27].  The method was modified from
the  literature.113 Diethyl  (4-iodobenzyl)phosphonate  26 (354  mg,  1  mmol,  1  equiv.),  4-
ethynylbenzoic acid (161 mg, 1.1 mmol, 1.1 equiv.),  copper(I) iodide (3.8 mg, 0.02 mmol, 0.02
equiv.), PPh3 (16 mg, 0.06 mmol, 0.06 equiv.) and 10% Pd/C (3.2 μg, 3 x 10 -5 mmol, 3 x 10-5
equiv.) were to a test tube and sealed. The headspace was flushed with N2.  To a mixture of
acetone and water (2/0.8 mL) was TEA (420 μL, 3 mmol, 3 equiv.) added and the solution was
chilled and degassed with N2. The solution was added via syringe. The reaction mixture was
heated at 65 oC for 4 hours. The solution was cooled in an ice bath overnight. The mixture was
vacuum filtered over a frit and the green precipitate was washed a mixture of acetone and water.
The filtrate was collected and the acetone was removed under reduced pressure. A few drop of
HCl was added, which turned the red translucent solution into an off-white/yellow precipitate.
The mixture was extracted with diethyl ether three times. The ethereal extract was then washed
with brine three times. The solution was dried with MgSO4, gravity filtered. The solvent was
removed under reduced pressure. The solid was recrystallized from hexanes/MeOH (235 mg,
63% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.08 – 8.03 (m, 3H), 7.58 (dq, J = 8.3, 1.8 Hz,
3H), 7.52 – 7.43 (m, 2H), 7.35 – 7.28 (m, 2H), 4.44 – 3.76 (m, 4H), 3.20 (d, J = 22.1 Hz, 2H),








Protected CME 9 (300 mg, 0.97 mmol, 1 equiv.) was dissolved in MeOH and aqueous NH4OH
was added. The solution was stirred overnight. The solvent was removed under reduced pressure.
The solid was used without further purification (270 mg, 95% yield). ṽ (cm-1): 1570, 1664.
6-aminomethyl-15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane
[29]. Protected CME-amide 28 (264 mg, 0.9 mmol, 1 equiv.) was added to a stirred suspension
of LiAlH4 (40 mg, 1.1 mmol, 1.2 equiv.) in THF. The mixture was refluxed for 4 hours, the
quenched  with  basic  MeOH.  The  mixture  was  filtered  and  the  solvent  was  removed  under
reduced pressure (136 mg, 50% yield).
2.4.4: Deprotection and Coordination of Metals Salts
Deprotection of cyclam derivatives. Protected cyclam derivatives were dissolved in MeOH or
EtOH. Concentrated HCl was added and the solution was heated at reflux for two days. The
precipitate  was  collected  via  vacuum  filtration,  washed  with  cold  alcohol,  and  dried  under











ether  (Et2O)  and  isolated  as  previously  mentioned.  All  deprotected  cyclam  derivatives  are
tetrahydrochloride salts.
Coordination of Co to cyclam derivatives.  The method was modified from the literature.29, 50
The ligand salt (100 mg, 1 equiv.) was dissolved in water. Sodium bicarbonate (5 equiv.) was
added and stirred for 20 minutes. The water was removed and MeOH was added. Co(II) chloride
hexahydrate (1 equiv.) was added and air was bubbled into the solution for 1 hour. HCl was
added and air was further bubbled into the solution. The solvent was removed under reduced
pressure.  The residue was dissolved in MeOH and gravity filtered.  The complexes  were not
isolated from solution and used as is for surface immobilization.
Co(III) cyclam chloride [30]. the method was modified from the literature.29 Cyclam (500 mg,
2.5  mmol,  1  equiv.)  and  Co(II)  chloride  hexahydrate  (600  mg,   2.5  mmol,  1  equiv.)  were
dissolved in MeOH and air was bubbled into the solution for one hour. Concentrated HCl (0.75
mL) was added and air was bubbled into the solution for an additional hour. The solvent was
removed under reduced pressure. The crude material was recrystallized from hot water (639 mg,
70% yield). 1H NMR (400 MHz, Deuterium Oxide) δ 6.46 – 5.89 (m, 4H), 2.81 – 2.55 (m, 12H),











Cu(ii)cyclam  chloride  [31].  All  reactions  were  performed  under  N2 and  degassed  solvent.
Cyclam (40 mg, 0.2 mmol, 1.03 equiv.) and copper(II) chloride (25.7 mg, 0.19 mmol, 1 equiv.)
were dissolved in a small amount of MeOH. The green copper solution was then added to the
cyclam solution, which produced a deep purple solution. The solution was stirred for one hour at
room  temperature.  The  solvent  was  removed  under  reduced  pressure  and  the  residue  was
dissolved in a minimal amount of DCM and transferred to a test tube. Et2O was carefully layered
over the DCM solution. The vessel was sealed and left overnight to diffuse undisturbed. The
supernatant was decanted and the precipitate was washed with Et2O and dried under reduced
pressure (37 mg, 58% yield).
2.4.5: Surface Immobilization 
Method 1: EtOH/TEA. The metal oxide (200 mg) was dispersed in EtOH and sonicated. In a
separate container, CHA∙4HCl 22 (25 mg, 0.0062 mmol, 1 equiv.) and TEA (34 μL, 0.25 mmol,
4 equiv.) were added to EtOH and stirred until completely dissolved. The two solutions were
combined and stirred at  room temperature for four hours.  A stock solution of CoCl2 (8 mg,
0.0062 mmol, 1 equiv.) in EtOH was added and stirred for an additional two hours. The solution











Method 2: H2O/NaHCO3. The metal oxide (200 mg) was dispersed in water and sonicated.
CHA∙4HCl  22  (25  mg,  0.0062  mmol,  1  equiv.)  was  dissolved  in  water  and  added.  The
suspension was stirred for one hour prior to the addition of NaHCO3  (5.2 mg, 0.25 mmol, 4
equiv.). the suspension was stirred overnight.  A stock solution of CoCl2 (8 mg, 0.0062 mmol, 1
equiv.)  in  ethanol  was  added  and  stirred  for  an  additional  two  hours.  The  solution  was
centrifuged, washed trice with EtOH and dried.
Method 3: precoordination. A stock solution of potassium hydroxide (KOH) in MeOH as made
for ease on accurately quantification on amount of base added. The KOH/MeOH stock solution
(3.5 mg,  0.25 mmol,  4 equiv.)  was added to a stirred suspension of CHA∙4HCl  22  (25 mg,
0.0062 mmol, 1 equiv.). The suspension was stirred for 15 minutes prior to the addition of CoCl2
(8 mg, 0.0062 mmol, 1 equiv.). the solution was sparged with air for 1 hour. HCl was then added
and the solution was sparged with air for an addition hour. The solution was filtered to removed
KCl. The green solution was then added to a stirred suspension of metal oxide in KOH, and
stirred overnight. The solution was centrifuged, washed three times with EtOH and dried.
78
CHAPTER 3: DESIGN OF MACROCYCLIC TETRAAZA LIGANDS
DERIVED FROM CONDENSATION REACTIONS
3.1: Introduction
A closely related ligand to the cyclam family are known as Curtis type macrocycles,31 which
originated  from  the  discovery  of  HMD∙2HClO4.  By  simple  condensation  of  the
monohydroperchlorate salt  of ethylenediamine with acetone or mesityl  oxide,  carbon-carbon,
amine, and imine bonds are formed in addition to the formation a 14-membered ring macrocyclic
structure.  Hydrogenation  of  the  imine  bonds  leads  to  C-functionalized  cyclam  structure.114
Structural  diversity  on an  immense  scale  is  possible  by simply  substituting  acetone,  mesityl
oxide, or ethylenediamine for functionalized versions of ketones, α,β-unsaturated carbonyls, or
1,2-diamines, respectively.
With cyclam complexes being purely aliphatic, the use external photosensitizers is required to
facilitate photocatalytic reduction of CO2. With HMD complexes, external photosensitizers are
also  required,  however,  the  presence  of  diverse  functionality  such  as  π-bonds  may  aid  in
favorable interaction with photoactive semiconductors, such as TiO2 or carbon nitride (C3N4).91
Additionally, by modifying the  σ-donor and  π-acceptor character of the ligand, the stability of
oxidation state changes can be influenced.115 Although cyclam complexes can be functionalized49
with photosensitizers to form supramolecular complexes to aid in electron transfer efficiency and
photosensitizer stability,116 the catalytic performance was not enhanced significantly. In this case
however, the photosensitizer attachment point was via amine functionalization,49 which is known
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to be detrimental in catalysis.47 Local proton sources have been shown to positively influence the
efficiency  of  CO2 reduction.72,  75 70,  73 37,  117 This  is  believed  to  influence  CO2 reduction  by
stabilizing the bent CO2 intermediate,3, 118 as well as supplying protons to act as an oxide acceptor
to form CO and water.
Polyacenes have been studied as fluorescent chromophores pendants on macrocyclic ligands to
elucidate photo-induced electron or energy transfer in supramolecular complexes to metal cations
such as Co(III)119 or Cu(II).120-122    It has been shown that photo-induced electron transfer can be
thermodynamically favored and is approximately based on three factors: the energy of the photo
excited  chromophore  electron,  and  the  redox  potentials  of  the  electron  donor  and  electron
acceptor.122  Supramolecular complexes based on fluorescent chromophores pendants attached in
close proximity to macrocyclic complexes mainly have been studied for the purpose of creating
functional light-based sensors,119-123 thus do not require sacrificial electron and proton donors to
operate.
Electronic communication between electron donors and acceptor is pivotal for electron transfer
to occur, be it through-space electron transfer promoted by proximity, or through-bond electron
transfer promoted by rigidity.124 The incorporation of pendant groups such as phenols into the
macrocycle  framework  or  supramolecular  complexes  to  act  as  local  sacrificial  electron  and
proton  sources  may  promote  CO2 reduction  capability  by  increasing  the  probability  of  the
photosensitizer,  sacrificial  donor,  and  active  catalyst  site  all  being  in  close  proximity
simultaneously. Phenol derivatives of the polyacene photosensitizer anthracene have been shown
to  facilitate  unimolecular  proton-coupled  electron  transfer  in  the  presence  of  a  local  proton
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acceptor,  although  the  absence  of  a  local  proton  acceptor  was  not  included  in  the  study.125
Phenols can also acts as electron donors in protonated or deprotonated states.126
In  this  chapter,  the  structural  diversity  of  HMD  derivatives  will  be  explored  to  design  a
molecular catalyst which can facilitate two-proton and two-electron reduction of CO2, with all of
the non-sacrificial components included within the ligand complex. Varied degree of sterics and
electronic effects will be explored. The addition of local proton sources in the form of alcohols
will be described. The addition of photosensitizer units will also be described.
3.2: Results and Discussion
Compound 32, HMD∙2HClO4, was isolated as a bright white precipitate from acetone rather than
mesityl oxide,31 as shown in Scheme 15. Acetone was chosen due to being a common chemical
found in the laboratory, and because the purity of mesityl oxide was low due the presence of
isomeric forms (4-methyl-4-penten-2-one) in commercial samples. Multigram quantities of  32
could be isolated rather quickly, which aided in its preparation of transition metal complexes.
Although perchlorate salts are potentially explosive and should be handled with extreme care,127-
128 no  explosions  were  observed  during  synthesis,  isolation  or  prolonged  storage.   32 was
successfully complexed with the acetate salts of Co, Ni, and Cu.
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Scheme 15. Synthesis of HMD 32 as a perchlorate salt.
HMD  analogs  using  functionalized  1,2-diamines,  such  as  o-phenylenediamine,  allowed  for
added functionality  not present  in  32.  The o-phenylenediamine analog of  32,  3,5,5,14,16,16-
hexamethyl-2,6,13,17-tetrazatricyclo[16.4.0.07,12]docosa-1(22),7,9,11,18,20-hexaene-2,13-
diene,  is denoted as PHMD or compound 33. The synthesis of PHMD is shown in Scheme 16.
The addition of the benzene group to the macrocyclic ring structure allowed for conjugation with
the imine bonds. While 32 is white, 33 is yellow in color. Co complexes of PHMD were difficult
to synthesize in high purity, possibly due to the small scale of the reaction when attempted. Small
scale attempts to synthesize Co(III) HMD, 43, generally failed, with only gram scale syntheses
being successful. Additionally, the increased rigidity of PHMD 33 relative to HMD 32 imparted
by π-conjugation between the imine and aryl moieties may inhibit access of the Co(II) cation into
the coordination pocket. In other rigid ligand frameworks used in the literature, such as with
functionalized porphyrin systems, typically synthetic conditions include elevated temperatures
and 10-fold excess Co(II) cations for complexation.129 Although this method was not attempted,









beneficially for the adsorption of Co(III) complexes onto semiconductors, as was shown with
43.91 
Scheme 16. Synthesis of PHMD 33 as hydroperchlorate salt.
Other important features of PHMD 33 for use as a ligand in CO2 reduction is the tendency of o-
phenylenediamine derivatives and respective metal complexes to generate equivalents of protons
and electrons both photochemically from the homolysis of N-H bonds of of under UV-light,130
and electrochemically from the redox active properties of o-phenylenediamine derivatives.131 O-
phenylenediamine is known to undergo two successive reversible single proton coupled electron
oxidations  to  form  an  o-diiminosemiquinone  radical  and  o-diiminoquinone,  respectively.132
Although 33 can only undergo oxidation to the o-diiminosemiquinone radical moiety due to the
presence of the imine bond, the transformation can occur twice in  33. Alternatively, the imine
bonds of  33 could be reduced synthetically to a tetraamine of cyclam framework which would










Since mesityl oxide can be used to synthesize HMD-32,  various α,β-unsaturated carbonyls were
synthesized  for  use  of  making  substituted  HMD  ligands.  An  example  synthesis  of  α,β-
unsaturated carbonyl and macrocycle formation is shown below in Scheme 17. In the presence of
base,  aromatic ketones can be condensed with aromatic aldehydes to α,β-unsaturated carbonyls
known as chalcones. Having an aromatic group attached α to the carbonyl limits the number of
condensation products due to the absence of C-H functionality, which increases yield and eases
purification and identification of products. The ketone precursor translates to the ketone in the
respective  α,β-unsaturated  carbonyl,  while  the  aldehyde  is  transformed  to  the  double  bond.
Additionally, methylation is removed when using α,β-unsaturated carbonyls such as in 35 instead
of functionalized ketones such as in  36; each compound also is denoted as NMD and DMD,
respectively.
Scheme 17. Synthesis of α,β-unsaturated carbonyl 34 and macrocycle 35 formation. a) NaOH in
water/EtOH. b) EtOH. Note: ethylenediamine can also be used instead of the salt.114
The  choice  of  aldehyde  and  ketone  precursor  also  dictates  the  substitution  pattern  and
functionality in the macrocycle, such as in compounds 41 and 42, as shown in Scheme 18. Here,
the photosensitizer anthracene was attempted to be incorporated into the macrocyclic structure,


















the photosensitizer would be connected to the imine bond. When located here, greater electronic
influence to a coordinated metal would occur due to conjugation. However, sterics may prevent
the  anthracene  unit  from  being  coplanar  with  imine  bond. When  an  aldehyde  anthracene
precursor  is  used,  no  conjugation  with  a  coordinated  metal  would  occur.  However,  the
anthracene unit  would be positioned above the plane of the coordinated metal,  and possibly
allow for electron transfer to the metal center when stimulated with light. Additionally, use of a
phenol  or  benzene  precursor  to  condense  with  the  anthracene  precursor  would  allow  for
investigation of local proton influence on CO2 reduction products. Synthesis of α,β-unsaturated
carbonyl precursors 37, 38, 39, and 40 were attempted with limited success.
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Scheme 18. Change in substitution pattern on macrocycle by choice of ketone and aldehyde
precursor. R = H, OH.
All of the potential substitution locations and patterns using the methods described above are
shown below in Scheme 20. The symmetry of the HMD framework allows for the installation of
at least two identical moieties on about the C2-axis of the structure. This may be beneficial in

























Scheme 19. Possible substitution patterns of the HMD framework based on precursor choice.
The acetate groups serve to deprotonate the ligand for coordination with Co. R1 groups originate
from 1,2-diamine  precursors.  From  α,β-unsaturated  carbonyl  precursors, R2 groups  originate
from aromatic ketone precursors, R3 groups originate from aromatic aldehyde precursors, and R4
groups are hydrogen. From aromatic ketone precursors, R2 and R3 are aromatic groups and R4
groups are methyl groups.
The CV for Co(II) HMD 42 and Co(III) HMD 43 are shown below in Figure 3-1. In ACN, both
complexes  have  reversible  redox  potentials.  42 has  perchlorate  counteranions,  while  43 has
chloride counteranions. The Co(II)/Co(I) redox couple is slightly more negative for 43 than for
42, which can be explained by perchlorate having less affinity for Co than chloride. Interestingly,
when the CV of 43 is taken in DMF solvent, the Co(II) to Co(III) couple becomes irreversible.
Before the reduction wave of Co(II) to Co(I) in DMF, a prominent pre-wave feature is present
that is not seen in ACN solvent; a small post-wave feature of similar intensity is also present
after  the  oxidation  of  Co(II)  to  Co(III)  in  DMF.  Unlike  Co(III)  cyclam,  Co(III)  HMD was
synthesized from isolated Co(II) HMD. HMD∙2HClO4 has a low solubility in MeOH compared
to cyclam, so excess Co was used in the synthesis of Co(II) HMD. If HCl was added to the





























Figure 3-1. CVs of Co(HMD) (1 mM) with TBAH electrolyte (0.1 M) at a scan rate of 50 mV/s
under Ar atmosphere. a) Co(III) HMD 43 in DMF. b) Co(II) HMD (top) and Co(III) HMD 43
(bottom) in ACN. Relevant structures are shown on the right for clarity.
Current density while sweeping between the Co(III)/Co(II) and Co(II)/Co(I) redox potentials is
greater for 43 in DMF than in ACN, which may be associated with 43 having a greater affinity
for the electrode then DMF. The increased electrode affinity of  43 in DMF may explain the
irreversible  of  the  Co(II)/Co(III)  oxidation  due  to  the  electrode  hindering  access  of  the
counteranion to form a six-coordinate species; scan rate dependence studies would expose if
diffusion is the cause of the irreversibility. 
The  CV  of  43 under  CO2 atmosphere  in  ACN  is  shown  in  Figure 3-2.  Under  CO2,  the
Co(III)/Co(II)  reduction  is  shifted  to  more  negative  potentials,  while  the  Co(II)/Co(I)  redox
potentials are shifted to less negative potentials. Catalytic current associated with CO2 reduction
occurs with six-fold current enhancement, but only at large overpotentials. The shifting of the
Co(II) to Co(I) reduction peak suggests that CO2 binds to Co(I) in  43  but the stability gained
upon binding results in a larger overpotential to become catalytic in CO2 reduction. Although a
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CV of 43 under CO2 atmosphere in DMF was not taken, a more polar solvent may promote CO2
at lower overpotentials.
Figure 3-2. CV of Co(III) HMD 43 (1 mM) in ACN with TBAH electrolyte (0.1 M) at a scan rate
of 50 mV/s under Ar (blue) and CO2 (red) atmospheres.
The CV for the Co complex of DMD 46 in ACN shown below in Figure 3-3. From the CV, it is
apparent that Co(III) is present; however no additional procedure was performed to oxidize the
Co(II) precursor to Co(III). Based on CoHMD synthesis, a two pot procedure was needed such
that Co(II) HMD was isolated as an orange solid, then subjected to oxidation to the green Co(III)
complex. Here, an orange solid was isolated but appeared to be Co(III) instead of Co(II). There
was  slight  current  enhancement  at  the  Co(I)  reduction  potential  under  CO2,  however,  it  is
considered negligible. Under argon, the complex appeared to be clean and both redox couples are
reversible.  It  should  be  noted  that  the  closely  related  complex of  NMD  47 did  not  oxidize
spontaneously. Air in the form of dissolved oxygen likely oxidized the complex, however, it is
not clear if that is the case.







































Figure 3-3.  CV for the Co(DMD) 46 (1 mM) in ACN with TBAH electrolyte (0.1 M) at a scan
rate of 50 mV/s under Ar (blue) and CO2 (red) atmospheres.
When HCl was added, the orange solution of 46 rapidly turned green; the CV is shown below in
Figure 3-4. Under argon, no discernible redox peaks were observed. Under CO2,  however,  a
reduction peak was observed at -1.68 V, with a 17-fold current enhancement. Due to the lack of
significant current under argon, it is likely the current observed under CO2 is the reduction of
CO2 rather than proton reduction. 









































Figure 3-4. CVs of Co(DMD) 46 in ACN with TBAH electrolyte (0.1 M) at a scan rate of 50
mV/s. a) under Ar without (orange) and with (green) HCl added. b) under Ar (blue) and CO2
(blue) atmospheres with HCl added.
The methods used114 for successful synthesis of NMD  35  from  α,β-unsaturated  carbonyls was
unsuccessful when used to incorporate the anthracene photosensitizer and phenol group into the
HMD ligand  framework of  41 and 42.  Earlier methods  to  form the  same macrocycle  used
potassium carbonate  while  heating  in  a  mixed solvent  solution  of  cyclohexane and ether  to
condense benzylideneacetone with ethylenediamine.63, 133 With HMD synthesis, the formation of
the  dihydroperchlorate  salt  was  the  driving  force  of  the  reaction,  while  with  condensation
benzylideneacetone with ethylenediamine it  is  temperature dependent,  and the macrocycle is
formed reversibly. Further attempts at the synthesis of  41 and 42  or the Co complexes should
utilize modes of induced stability,  such as template  methods  or appropriate  solvent  systems.
Another possible route is to complex the diamides 12, 15, or 19 synthesized in Chapter 2, with
transition metals such as Co134 as a template in the presence of base, then condense with  α,β-
unsaturated carbonyls 37, 38, 39, and 40 to give structure in Figure 3-5.









































































Figure 3-5. Proposed alternative use of synthesized diamides and α,β-unsaturated carbonyls.
3.3: Conclusions
HMD and derivatives of HMD were successfully synthesized from functionalized ketones or
functionalized  α,β-unsaturated  carbonyls,  condensed  with  ethylendiamine  or  o-
phenylenediamine.  Incorporation  of  both  photosensitizers  and  local  proton  sources  into  the
ligand framework was not  successful,  possibly due to sterics or the synthetic  methods used.
Although Co(III) HMD was successfully synthesized, further work is needed to complex Co with
HMD derivatives.  The  HMD framework  significantly  provided  variation  in  functionality  by
simply  changing  the  precursors,  and  may  be  useful  in  future  ligand  designs  that  require
systematic changes to probe structure-functionality relationships. Future work with HMD or its
derivatives should be performed using alternative acids, such as hexafluorophosphoric acid, due















HMD∙2HClO4 [32]. Perchlorate  salts  are  potentially  explosive  and  should  be  handled  with
extreme care.127 The method was modified from the literature.31 Ethylenediamine (775 μL, 11.6
mmol, 1 equiv.) was added to EtOH and stirred. Perchloric acid (HClO4) (1 mL, 11.6 mmol, 1
equiv.) was added dropwise and stirred until the white precipitate completely dissolved. A large
excess  of chilled acetone was then added and the solution was stirred overnight.  The white
precipitate was vacuum filtered and washed with acetone until the filtrate was clear (2.85 g, 51%
yield). More product can be isolated in crystalline form from the filtrate after a few days.   1H
NMR (400 MHz, DMSO-d6) δ 8.55 (s, 4H), 3.46 (t, J = 4.9 Hz, 4H), 3.22 (s, 4H), 2.62 (d, J =








hexaene-2,13-diene dihydroperchlorate: PHMD∙2HClO4 [33]. Perchlorate salts are potentially
explosive and should be handled with extreme care.127 O-phenylenediamine (503 mg, 4.65 mmol,
1 equiv.) was dissolved in EtOH, then HClO4 (400 μL, 4.65 mmol, 1 equiv.) was added. The faint
yellow solution was stirred for 20 minutes, then added dropwise to acetone chilled chilled in an
ice bath; the solution changed to bright yellow after addition of the first drop. The solution was
stirred at room temperature overnight in the dark. The reaction mixture was concentrated under
reduced pressure at 30 oC to remove most of the acetone. The product crystallized spontaneously
upon  cooling  as  an  orange  solid.  Addition  product  was  collected  by  addition  of  the  EtOH
solution to Et2O (817 mg, 61% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.33 (dd, J = 8.1, 1.5
Hz, 2H), 7.25 (ddd, J = 8.5, 7.1, 1.5 Hz, 2H), 7.01 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 7.8 Hz, 2H),
6.56 (s, 2H), 2.88 (s, 4H), 2.68 (s, 6H), 1.30 (s, 12H).
2,2'-Dihydroxychalcone  [34]. The  method  was  modified  from  the  literature.135 2’-








mmol, 1 equiv.) were dispersed in EtOH and the solution was sparged with N2. The solution was
cooled in an ice bath and an aqueous solution of KOH (1.51 g, 30 mmol, 3 equiv.) was added.
H2O was added to dissolve the yellow precipitate, and the reaction was refluxed for four hours.
The solution was cooled, and HCl was added. The solvent was removed under reduced pressure.
The residue was dissolved in DCM and filtered. A saturated DCM solution was placed in the
freezer  overnight.  The  product  was  isolated  by  vacuum filtration.  The  yellow needles  were
washed with cold DCM, and dried  under  vacuum (1.2 g,  56% yield).  1H NMR (400 MHz,
DMSO-d6) δ 12.61 (s, 1H), 10.41 (s, 1H), 8.20 – 8.11 (m, 2H), 7.96 (d, J = 15.6 Hz, 1H), 7.88
(dd, J = 7.9, 1.7 Hz, 1H), 7.53 (ddd, J = 8.6, 7.2, 1.6 Hz, 1H), 7.28 (ddd, J = 8.6, 7.3, 1.7 Hz,
1H), 7.03 – 6.92 (m, 3H), 6.87 (td, J = 7.5, 1.1 Hz, 1H).
5,7,12,14-tetra-(2’-hydroxyphenyl)-1,4,8,11-tetra-azacyclotetradeca-4,11-diene:  NMD  [35].
The method was modified from the literature.114 2,2'-Dihydroxychalcone 34 (620 mg, 2.58 mmol,
1 equiv.) was dissolved in Et2O, and a solution of ethylenediamine (184 μL, 2.58 mmol, 1 equiv.)
in Et2O was added. The deep red precipitate which formed dissolved, and the solution was stirred
at room temperature for 3 days. The yellow precipitate was filtered and washed with Et2O (313
mg, 43% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.30 (dd, J = 8.1, 1.6 Hz, 2H), 7.18 (ddd,
J = 8.6, 7.2, 1.6 Hz, 2H), 7.08 (td, J = 7.7, 1.7 Hz, 2H), 6.89 (dd, J = 7.6, 1.7 Hz, 2H), 6.83 (dd,










8.2, 7.1, 1.3 Hz, 2H), 4.00 (ddd, J = 14.3, 5.8, 1.3 Hz, 2H), 3.87 – 3.75 (m, 4H), 3.22 – 3.15 (m,
2H), 2.79 (ddd, J = 13.4, 10.1, 1.3 Hz, 2H), 2.60 (s, 4H).
5,7,12,14-tetra-(2’-hydroxyphenyl)-7,14-dimethyl-1,4,8,11-tetra-azacyclotetradeca-4,11-
diene Dihydroperchlorate: DMD∙2HClO4 [36]. Perchlorate salts are potentially explosive and
should  be  handled  with  extreme  care.127 The  method  was  modified  from  the  literature.31
Ethylenediamine (712 μL, 10.7 mmol, 1 equiv.) was added to EtOH and stirred. HClO4 (875 μL,
10.7 mmol,  1  equiv.)  was added dropwise and stirred  until  the white  precipitate  completely
dissolved. In a separate flask,  2’-hydroxyacetophenone (1200 μL, 42.6 mmol, 4 equiv.) was
dispersed in EtOH. The former solution was added to the latter solution. The solution was stirred
overnight.   The pale  yellow precipitate  was collected by vacuum filtration and washed with
ethanol. The product was further purified by crystallization from hot EtOH, which yielded small
vibrant florescent yellow/green needles (397 mg, 20% yield).1H NMR (400 MHz, DMSO-d6) δ
7.65 (dd, J = 8.0, 1.7 Hz, 4H), 7.25 (ddd, J = 8.1, 7.2, 1.7 Hz, 4H), 6.80 – 6.70 (m, 8H), 3.92 (s,











1-(9-anthracenyl)-3-phenyl-2-propen-1-one  [37].  The  method  was  modified  from  the
literature.135 9-acetylanthracene (500 mg, 2.27 mmol, 1 equiv.) and benzaldehyde (232 μL, 2.27
mmol, 1 equiv.) dispersed in EtOH and stirred under N2 for 20 minutes. An aqueous solution of
KOH (127.4 mg, 2.27 mmol, 1 equiv.) was added and the stirred solution, which darkened the
solution. The solution turned into a bright yellow precipitate within a few minutes after it was
heated. The yellow suspension was refluxed for three hours. The precipitate was collected by
vacuum filtration (392 mg, 56% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.76 (s, 1H), 8.23 –
8.12 (m, 2H), 7.83 – 7.73 (m, 2H), 7.68 – 7.61 (m, 2H), 7.59 – 7.50 (m, 4H), 7.46 (d, J = 16.2
Hz, 1H), 7.43 – 7.32 (m, 3H), 7.18 (d, J = 16.3 Hz, 1H).
1-(9-anthracenyl)-3-(2’-hydroxyphenyl)-2-propen-1-one [38]. The method was modified from
the literature.135 9-acetylanthracene (500 mg, 2.27 mmol, 1 equiv.) and 2’-hydroxybenzaldehyde
(255 mg,  2.27 mmol,  1 equiv.)  dispersed in  EtOH and stirred under  N2 for 20 minutes.  An
aqueous solution of KOH (255 mg, 4.55 mmol, 2 equiv.) was added to the stirred solution, which




solution was refluxed for at least three hours. The solution was cooled to room temperature, then
HCl was added until the solution turned yellow and a precipitate formed.  The precipitate was
collected by vacuum filtration and washed with cold EtOH (523 mg, 71% yield).
3-(9-Anthracenyl)-1-phenyl-2-propen-1-one  [39].  The  method  was  modified  from  the
literature.135 9-anthracenecarboxaldehyde (500 mg, 2.42 mmol, 1 equiv.) and acetophenone (291
mg,  2.42 mmol,  1 equiv.)  were dispersed in EtOH and stirred under N2 for 20 minutes.  An
aqueous solution of KOH (136 mg, 2.42 mmol, 1 equiv.) was added to the stirred solution, which
darkened the solution. The solution was heated and the solution became homogeneous. The red
solution was refluxed for at least three hours. The solution was cooled to room temperature, then
HCl was added until the solution turned yellow and a precipitate formed.  The precipitate was
collected by vacuum filtration and washed with cold EtOH (527 mg, 71% yield).
3-(9-Anthracenyl)-1-(2’-hydroxyphenyl)-2-propen-1-one  [40].  The  method  was  modified
from  the  literature.84 9-anthracenecarboxaldehyde  (500  mg,  2.42  mmol,  1  equiv.)  and 2’-
hydroxyacetophenone (330 mg, 2.42 mmol, 1 equiv.) were dispersed in EtOH and stirred under




stirred solution, which darkened the solution. The solution was heated and the solution became
homogeneous. The red solution was refluxed for at least three hours. The solution was cooled to
room temperature, then HCl was added until the solution turned yellow and a precipitate formed.
The precipitate was collected by vacuum filtration and washed with cold EtOH (554 mg, 71%
yield). 
5,12-di-(9-Anthracenyl))-7,14-diphenyl-1,4,8,11-tetra-azacyclotetradeca-4,11-diene  [41].  3-
(9-Anthracenyl)-1-phenyl-2-propen-1-one 39  (100 mg, 0.3 mmol, 1 equiv.) and ethylenediamine
(20 μL, 0.3 mmol, 1 equiv.) were refluxed in EtOH for three days, until a precipitate formed (12
mg, 10.4% yield). The NMR could not be tested.
5,12-di-(2-hydroxyphenyl)-7,14-di-(9-Anthracenyl))1,4,8,11-tetra-azacyclotetradeca-4,11-
diene  dihydroperchlorate  [42].  Perchlorate  salts  are  potentially  explosive  and  should  be















and stirred. HClO4 (28 μL, 0.3 mmol, 1 equiv.) was added dropwise and stirred until the white
precipitate  completely  dissolved,  then  was  added  to  a  solution  of  3-(9-Anthracenyl)-1-(2’-
hydroxyphenyl)-2-propen-1-one 40 (100 mg, 0.3 mmol, 1 equiv.) in EtOH. The solution was
heated at reflux. No products formed.
3.4.2: Coordination of Cobalt, Nickel, and Copper
Co(III) HMD chloride [43].  Perchlorate salts are potentially explosive and should be handled
with  extreme  care.127 The  method  was  modified  from  the  literature.29,  136 Co(II)  acetate
tetrahydrate (2.85 g, 11.4 mmol, 1.1 equiv.) was dissolved a minimal amount of hot MeOH and
heated at reflux for 30 minutes under N2. HMD∙2HClO4 32 (5 g, 10.4 mmol, 1 equiv.) was added
in one portion, and the dark orange/red solution was refluxed for two hours. The solution was
cooled and the precipitate was collected by vacuum filtration and washed with a minimal amount
of cold MeOH (2.46 g, 44% yield). A second crop of crystals can be collected from the filtrate.
The orange precipitate Co(II) HMD perchlorate (2.45 g, 4.56 mmol, 1 equiv.) was dissolved in a
minimal amount of hot MeOH, and concentrated HCl was added until the solution was deep
green and had a pH of 1 on litmus paper. The solution was mixed briefly, then cooled to room
temperature. The solution was then cooled in an ice bath, followed by cooling in the freezer for










MeOH, and dried under vacuum. (658 mg, 33% yield). A second crop can be isolation at room
temperature. 1H NMR (400 MHz, Acetonitrile-d3) δ 5.62 (d, J = 11.9 Hz, 2H), 4.15 – 4.04 (m,
2H), 3.92 – 3.80 (m, 2H), 3.72 (dtd, J = 12.7, 11.0, 7.3 Hz, 2H), 3.01 – 2.91 (m, 2H), 2.59 (t, J =
1.2 Hz, 6H), 2.17 (d, J = 0.6 Hz, 4H), 1.61 (s, 6H), 1.36 (s, 6H).
Ni(II) HMD Perchlorate [44]. Perchlorate salts are potentially explosive and should be handled
with  extreme  care.127 The  procedure  was  modified  from  the  literature.137 Ni(II)  acetate
tetrahydrate  (124 mg, 0.5 mmol, 1.2 equiv.) and HMD∙2HClO4 32 (200 mg, 0.4 mmol, 1 equiv.)
were mixed under Ar and degassed EtOH was added. The mixture was refluxed for two hours.
The yellow precipitate was collected by filtration and washed with cold EtOH (92 mg, 41%
yield).
Cu(II) HMD perchlorate [45]. Perchlorate salts are potentially explosive and should be handled
with extreme care.127 The procedure was modified from the literature.138 Cu(II) acetate hydrate
(100 mg, 0.6 mmol, 1.2 equiv.) and HMD∙2HClO4 32 (200 mg, 0.5 mmol, 1 equiv.) were mixed
under Ar and degassed MeOH was added. The mixture was refluxed for two hours, then the
solution was cooled without being stirred. The red/pink crystalline precipitate was collected by





















4,11-diene]  perchlorate:  Co(II)  DMD  perchlorate  [46]. Perchlorate  salts  are  potentially
explosive and should be handled with extreme care.127 Co(OAc)2∙4H2O (50 mg, 0.2 mmol, 1.25
equiv.) and DMD∙2HClO4 36  (128 mg, 0.17 mmol, 1 equiv.) were added to degassed MeOH and
heated at 40 oC for 2 days. The orange precipitate was collected by vacuum filtration and washed
with cold MeOH (86 mg, 63% yield).
Co(II)  [5,7,12,14-tetra-(2’-hydroxyphenyl)-1,4,8,11-tetra-azacyclotetradeca-4,11-diene]
chloride:  Co(II)  NMD chloride [47]. Anhydrous CoCl2 (30 mg, 0.23 mmol,  1 equiv.)  and























temperature overnight. The solution was precipitated into diethyl ether and collected by vacuum
filtration (16 mg, 10% yield).
Co(II)  PHMD  perchlorate  [48].  Perchlorate  salts  are  potentially  explosive  and  should  be
handled  with  extreme  care.127 Co(OAc)2∙4H2O  (216  mg,  0.87  mmol,  1.1  equiv.)  and
PHMD∙2HClO4 33 (500 mg, 0.79 mmol, 1 equiv.) were added to degassed MeOH and heated at
60 oC for two hours.  The solution was cooled and place in the freezer overnight. The precipitate








CHAPTER 4: MODIFIED 2, 2’-BIPYRIDINE LIGANDS FOR RHENIUM
AND MANGANESE COMPLEXES
4.1: Introduction
Bipyridine  tricarbonyl  complexes  of  Re and  Mn are  commonly  studied  catalysts  in  CO2
reduction since the 1980’s63 and 2010’s,64 respectively. The overall stability and longevity of bipy
tricarbonyl class of catalysts for use in alternative energy still remains inadequate to reach global
demands of economically friendly CO2 reduction platforms. There is debate among the catalysis
community as to whether catalyst dimerization is beneficial69 or not78-79,  139 to CO2 reduction.
Nonetheless, Re and Mn complexes which can cooperatively facilitate the dimeric one-electron
CO2 reduction mechanism inherently operate closer to thermodynamic energy input required to
reduce CO2 by two electrons to CO. Comparatively, the overpotentials for two-electron reduction
of CO2 to CO for parent complexes of Re66 and Mn64 are less energy intensive at both reduction
potentials for Mn than for Re. Although each case has its own merits and challenges, there is a
large  dependence  on  form or  nature  of  the  complex used.  Dimerization  of  metal  centers  is
favored with Mn complexes and ligand reduction is more favored with Re complexes due to the
relative  positions  of  the  dz2 and  π* orbitals140 of  the  metal  and  ligand,  respectively.  Various
methods such as ligand modification have been used to inhibit dimerization by steric74,  141 or
conformation constraints;66,  71 surface immobilization techniques have also been used.24,  79 Re
catalysts have been shown to be relatively robust in both photochemical and electrochemical CO2
reduction, while Mn catalysts have been shown to be mainly active electrochemically, with few
cases showing photochemical stability.142-145 
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Catalytic rates and stability of under electrochemical CO2 reduction conditions were improved
after a vinyl-bipy  Re catalyst was electropolymerized onto an electrode surface.146-147 While in
the polymer form, normally insoluble intermediates which deactivate the catalyst remain at the
source of electrons, allowing further reduction to proceed and regenerate the active catalyst to
participate in catalytic turnover. Copolymerization of a photosensitizer was reported to further
enhance catalyst turnover and stability.146 Other studies have used semiconductor electrodes as
substrates to electropolymerize immobilized catalysts.148 The exact polymeric structure is  not
well understood. Another study used  diazonium functionalized bipyridine to electropolymerize
Re onto a wide range of electrodes surfaces, which include graphite, TiO2, fluorine doped tin
oxide  (FTO)  glass,  and  gold.149  Both  cases  reported  superior  electrocatalytic  performance
compared to the solution phase catalysis,148-149 however large overpotentials were used to obtain
those results. A graphical representation of electropolymerization is shown below in Figure 4-
1.149
Figure  4-1.  Graphical  representation  of  electropolymerization  of  the  shown  Re catalysts  on
electrode  surfaces.  Reprinted  (adapted)  with  permission  from reference.149 Copyright  (2018)
American Chemical Society.
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In order to improve the catalyst mobility, maintain reducing power, and limit the generation of
inactive catalytic sites during electropolymerization of Re catalysts on electrode surfaces, the
effect of chain length separating the target polymerizable alkene group from the Re metal center
is to be investigated. The choice of vinyl-bipy as a starting point as studied by O’Toole and
coworkers147 was  chosen  over the  diazoium-bipy  used  in  the  study  by  Orchanian  and
coworkers,149 where  the  linear  conjugated  electropolymerized  bipy  Re  complexes  showed
multiple  ligand-to-metal  charge  transfer  and  π-π* transitions  in  the visible  absorption  range,
which may limit the reducing power and therefore the ability of all Re metal centers to facilitate
the reduction of CO2. Additionally, multiple methods of electropolymerization are used in the
literature,147, 150 where a direct comparison has not be presented to display the differences of the
resultant  polymer  film  based  on  the  electropolymerization  method  used.  The  effect  of
electropolymerization method, namely chronoamperometry and multi-cycle cyclic voltammetry,
used to generate a polymeric film on various electrode materials is to be evaluated via CV for
CO2 reduction catalytic activity. 
In  addition  to  catalyst  immobilization,  a  myriad  of  methods  have  been  proposed  and
implemented  in  facilitating  electrochemical  reduction  of  CO2  using  Re  and  Mn bipyridyl
tricarbonyl complexes,  some of which included: added proton source,151 local proton source,68, 72,
152-153  presence  of  a  Lewis  acid,75,  139,  154 hydrogen  bonded  supramolecular  dimers,67,  69
intramolecular  complexes,66,  155 anion  exchange,142,  156 and  shifting  of  reduction  potential  via
inductive effects.151 All methods described can be observed kinetically with changes in the CVs,
which  include  shifts  in  onset  potential  of  CO2 reduction  and  relative  current  enhancement
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between  inert  and  catalytic  conditions.  Catalyst  longevity  can  be  determined  via  controlled
potentiometric coulometry,  also known as bulk electrolysis experiments. 
In  catalytic  systems  designed  to  promote  intermolecular  bimetallic  dimeric  CO2 reduction,
catalysts dimeric interactions tend to be disrupted by solvent choice, such as systems reported by
Nakada and Ishitani,67 and Machan and coworkers.69 Additionally,  intermolecular systems are
inherently limited by catalyst concentration to promote dimerization, which places constraints on
optimization of catalysis  conditions.  In catalytic  systems designed to promote intramolecular
bimetallic dimeric CO2 reduction, rigid frameworks have been used to electrochemically fix the
proximity  of  dinuclear  metal  centers,66 while  flexible  alkyl  chains  have  been  used
photochemically.157 By using a rigid intramolecular catalyst design, solvents such as DMF did
not  prevent  dimeric  CO2 reduction  electrochemically,66 as  was  observed  in  intramolecular
systems.67,  69  Although  solvent  choice  sensitivity  was  improved  using  a  rigid  intramolecular
catalyst design, CV characterization displayed an overpotential with respect to the first reduction
potential was needed to promote CO2 reduction.66 Based on this observation, complete restriction
imposed by a rigid ligand framework may be detrimental and additional energy is needed to
distort the rigid framework in order for the metal center to accept electron density.  
In order to assess the proficiency of the ligand structure to promote dimeric electrochemical CO2
reduction, a ligand framework was developed based on ferrocene alcohol derivatives of 2,2’-
bipyridine to incorporate various aspects of intermolecular and intramolecular ligand designs to
include  structural  rigidity  and  flexibility,  and  hydrogen  bonding  interactions.  By  using  this
approach  in  a  bimetallic  ligand  system,  structural  rigidity  and  proximity  as  well  as
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conformational flexibility and strain relief to approximate the optimal geometry to facilitate and
access the dimeric one-electron mechanism for CO2 reduction. In a monometallic ligand system,
hydrogen bonding interactions are available to promote dimeric one-electron mechanism for CO2
reduction.
In this this chapter, two topics will be discussed. The first is electropolymerization of dodecene-
bipy and vinyl-bipy Re tricarbonyl complexes onto electrode surfaces to observe attachment. The
second topic is the design and synthesis of bipyridine derivatives which contain ferrocene as a
scaffold to promote the dimer based one-electron mechanism in electrochemical reduction of
CO2 with Re and Mn, respectively. A general scheme for synthesis of bipy tricarbonyl complexes
of Mn and Re is shown below in Scheme 20.
Scheme 20. General synthesis of bipy tricarbonyl complexes of  Mn141 and Re. a)  Mn(CO)5Br,
Et2O; b) Re(CO)5Cl, toluene158 or pentane.147 
4.2: Results and Discussion
4.2.1:  Electrochemical  Surface  Immobilization  of  Alkene  Modified  2,2’-Bipyridine
Rhenium Tricarbonyl Complexes onto Electrode Surfaces
4-vinyl-4’-methyl-2,2’-bipyridyl  chlororhenum  tricarbonyl  58 and  chloro-4-(dodecene)-4’-















transmission FTIR spectroscopy and  1H NMR. The synthetic scheme for ligands  52 and  53 is
shown in Scheme 21. 
Scheme 21. Synthesis of ligands 53 (left) and 52 (right). a) LDA/THF in dry ice acetone bath,
then1-bromoundecene. b)  LDA/THF in dry ice acetone bath, then chloromethyl ethyl
ether. c) THF in dry ice acetone bath, potassium tert-butoxide.
Figure 4-2 are the IR spectra of carbonyl stretching region for 58 and Re-59. The three carbonyl
bands of 58 (2021.2, 1915.1, and 1897.4 cm-1) and 59 (2021.1, 1914.6, and 1896.7 cm-1) agree
well  with  literature  values  for  the  parent  Re complex.4,  159 The  three  carbonyl  stretching













Figure 4-2. Transmission FTIR spectra of carbonyl region for  58 (left) and  59 (right). Spectra
were taken in ACN.
The methods used to electropolymerize catalysts 58 and 59 on electrodes were constant potential
electrolysis150 (chronoamperometry)  and  voltage  cycling160 (multi-cycle  cyclic  voltammetry).
Cyclic voltammetry was used to determine the reduction potentials (Ep/c) and sweep range under
conditions  to  be  used  to  deposit  the  catalyst  on  the  electrode  (1  mg/mL catalyst)  for  each
respective method. The initial CVs for catalysts 58 and 59 on glassy carbon (GC), gold, and FTO
electrodes are shown below in Figure 4-3; only a CV 58 on GC electrode was taken. For 58, all
CVs show a pre-wave shoulder and one broad irreversible reduction peak for Re(I)/Re(0) and
ligand reduction. Oxidation of Re-Re bond is observed on GC and gold electrodes at ca. -0.5 V.
For  59,  there  are  two  reduction  peaks  that  display  quasi-reversibility  as  well  as  Re  dimer







Figure 4-3. CVs of bulk solutions (1 mg/mL) in ACN (0.1 M) in DMF with TBAH electrolyte
(0.1 M) at a scan rate of 50 mV/s for catalysts 58 (top) and 59 (bottom) on GC, FTO, and gold
electrodes.
Each electropolymerization method was tested,  and the results for  58 on gold electrodes are
shown in Figure 4-4. The CV of 58 under argon atmosphere after electropolymerization using the
multi-cycle cyclic voltammetry method showed two broad reduction peaks at -1.95 and -2.14 V,
both  less  negative  than  the  value  of  -2.22  V found  in  the  bulk  solution;  dimerization  also
occurred.  The  CV  under  CO2 atmosphere  showed  slight  current  enhancement  at  the  first
reduction potential for the multi-cycle CV method, and 6-fold current enhancement at the second
reduction potential; more negative potentials gave substantial current enhancement. The CV of
58 under argon atmosphere after electropolymerization using the chronoamperometry method












































































































showed one broad peak at -1.82 V and the CV under CO2 atmosphere showed a reduction peak at
-1.82 V and more negative potential gave current enhancement with two slopes, which differed
from only one slope with the former method. There was a 10-fold current enhancement at 1.58 V,
however,  only 2-fold current enhancement when referenced at -1.82 V. With that being said,
each method can be used in electropolymerization of vinyl functionalized catalysts, however,
each method gives  different  electrochemical  signatures.  When using  the  chronoamperometry
method, it is more obvious when to stop the deposition due to the leveling off of the measured
current, whereas using the multi-cycle cyclic voltammetry method, the duration of deposition is
up to interpretation.
Figure 4-4. Electropolymerization of 58 on gold electrodes in ACN solution. A) multi-cycle CV
method; B) chronoamperometry method at Ep/c; C) CV of rinsed Au-58 under Ar (blue) and CO2
(red) atmospheres with fresh electrolyte solution using method A.; D) CV of rinsed Au-58 under
Ar (blue) and CO2 (red) atmospheres with fresh electrolyte solution using method B.
























































































The electropolymerization of  59 on a gold electrode using the multi-cycle cyclic voltammetry
method is shown below in Figure 4-5. During electropolymerization, the first sweep resembled
the bulk solution, however, subsequent sweeps gave decreased current; the current increased for
58. Additionally, repetitive sweeps resulted in the emergence a reversible third redox peak for
Re(I)/Re(0) between the previous peaks, possibly due to the decrease current from the other
peaks, as the oxidation peak was observable in prior test CVs. This observation suggests the
electrons  are  remaining on the Re metal  center  and not transferring to  the alkene to  induce
polymerization.  This result  can be explained by the relative inertness  of  terminal  alkenes  to
electrochemical reduction161 and the proximity of the alkene to the Re center.  The CV of  59
under Ar atmosphere after successive sweeps indicates at best some adsorbed material, but is
absent of Re redox peaks. Each electropolymerization method of 58 on gold electrodes resulted
in CVs indicative of successful deposition, while post electropolymerization of  59 on a gold
electrode using the multi-cycle CV method of suggested no deposition occurred. Therefore, the
chronoamperometry method on gold electrodes for 59 was not tested, as well as further testing
on other electrodes based on these results.
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Figure 4-5. Electropolymerization of 59 on a gold electrode in ACN solution. a)  multi-cycle CV
method. b)  CV of rinsed Au-59 under Ar (blue) atmosphere with fresh electrolyte solution.
Both methods for electropolymerization of 58 on FTO electrodes are shown below in Figure 4-6.
The  CV  of  58  while using  the  multi-cycle  CV  method  more  resembled  that  of
electropolymerization of  59 on gold electrodes such that the current decreased with successive
scans.  The  absence  of  Re  redox  peaks  and  low  current  density  suggests  unsuccessful
electropolymerization. This may be due to too large of a sweep range, although no redox events
occurred in  the extended range.  Electropolymerization using the chronoamperometry method
was successful based on CV results. Under argon atmosphere there is a reduction peak at -2.30 V,
which is 0.03 V greater than the bulk solution. Under CO2 atmosphere, onset current starts at -
1.35 V, however, the current does not exceed the current under argon.







































Figure 4-6. Electropolymerization of 58 on FTO electrodes in ACN solution. A) multi-cycle CV
method;  B)  chronoamperometry  method  at  Ep/c;  C)  CV of  rinsed  FTO-58 under  Ar  (blue)
atmosphere with fresh electrolyte solution using method A.; D) CV of rinsed FTO-58 under Ar
(blue) and CO2 (red) atmospheres with fresh electrolyte solution using method B.
4.2.2:  Bipyridine  Modified  with  Ferrocene  to  Promote  Dimer  Based  Electrochemical
Reduction of Carbon Dioxide
Two  ligands,  4-[2-(ferrocenyl)-2-hydroxyethyl-4'-methyl-2,2'-bipyridine  49  and 1,1’-bis[1-
hydroxy-2(4’methyl-2,2’-bipyridine)]ferrocene 50 were synthesized and shown in Scheme 22.
49 and 50 were complexed with Re(CO)5Cl and Mn(CO)5Br to produce Re 54 and 55, and Mn
56 and  57,  respectively.  The  complexes  were  characterized  by  solution  phase  UV-Vis  and
solution  phase  transmission  IR spectroscopy and the  respective  spectra  are  shown below in















































































Figure 4-7 for  Re 54  and  55  and Figure 4-8 for  Mn 56 and  57;  molar absorptivity (ε), peak
absorbance (λmax), and carbonyl stretching frequencies values are tabulated in Table 4. 
Scheme 22. Synthesis of 49 (left) and 50 (right). a)  LDA/THF in dry ice acetone bath, then 1-















Figure 4-7. Solution phase UV-Vis (top) and solution-phase transmission IR (bottom) spectra in
ACN of Re-54 (left) and Re-55 (right).  Insets: truncated spectra.
The molar absorptivity values at λmax for the difunctionalized complexes Re-55 and Mn-57 were
approximately double that of the monofunctionalized complexes Re-54 and Mn-56, respectively,
which  suggests  all  bipyridine  ligands  were  coordinated  with  metal.  Additionally,  the  molar
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Figure 4-8. Solution phase UV-Vis (top) and solution-phase transmission IR (bottom) spectra in
ACN of Mn-56 (middle) and Mn-57 (right); Mn complexed with dimethyl bipyridine  66 (left)
shown for reference.  Insets: truncated spectra.
Dimer formation of Re catalysts has been reported to be eliminated in DMF solvent with ligands
designed to promote dimerization via hydrogen bonding.67, 69 Another study claimed bimetallic
CO2 reduction occurred in DMF but dimerization of Re centers was prevented due to the spacing
provided by a rigid ligand framework and as confirmed using UV−Vis spectroelectrochemistry,
however,  the  CV range where  dimerization  would  occur  was not  shown.66 Shown below in
Figure 4-9 are the CVs of Re 54 and 55 in DMF with and without the addition of water under Ar
atmosphere taken at equal molar concentration. In each case, dimerization was observed during
the anodic sweep at -0.54 V. Dimerization was decreased in the presence of 10% water in  55,
17501850195020502150
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however, the decreased intensity similar to that of 54 without water; CV of 54 with water was not
taken.
Figure  4-9.  CVs  of  Re  complexes  (1  mM)  under  argon  atmosphere  with  TBAH  (0.1  M)
electrolyte at a scan rate of 50 mV/s for of Re-54 (red) and Re-55 (green) in DMF, and Re-55 in
9:1 DMF/water (blue).
The influence of water in CO2 reduction with 55 in DMF was tested, and the effects are shown
below in Figure 4-10. In DMF under CO2 atmosphere, there is slight current enhancement at the
first  reduction  potential  of  -1.92  V,  with  maximum 9-fold  current  enhancement  at  -2.26  V,
slightly before the second reduction potential of -2.34 V.  In DMF with 10% water under CO2
atmosphere, CO2 reduction at the first reduction is observed, with 7-fold current enhancement at
-2.1 V, which is 0.19 V potential bias cathodically past the first reduction potential. Increased
current at the ferrocene oxidation potential was observed under CO2 atmosphere, which may be
caused by ferrocene hydrogen bonded dimerization,162 however the phenomena occurred less in
the presence of water.  Alcohol containing derivatives of ferrocene are known to exhibit  two






























redox potentials for a single pure compound which can arise from the presence of mixed valence
induced by hydrogen bonding through-space electronic interactions.162 When comparing the CVs
of Re-55 under CO2 atmospheres in DMF with and without water, the presence of mixed valent
ferrocene tends to be reduced, possibly due to disruption of hydrogen bonded networks. In all
cases shown in Figure 4-10, the presence of CO2 results in current enhancement of the anodic Fc/
Fc+ oxidation. While also considering the extent of Re-Re dimer oxidation at ca. -0.45 V under
CO2 compared to -0.54 V under Ar atmospheres,  greater current enhancement for the Fc/Fc+
oxidation is correlated with the presence of Re-Re dimer, which may be related to the orientation
of  the  catalyst  on  the  electrode;  scan  rate  dependent  studies  may  further  explain  this
phenomenon. Also shown in Figure 4-10 are the CVs of Re-54 in DMF under argon and CO2
atmospheres. Only CO2 reduction at the second reduction potential  was observed at  -2.46 V,
which was 0.2 V more negative than Re-55. Collectively, the presence of water in DMF was
necessary to promote the dimeric one-electron CO2 reduction route. 
Figure 4-10. CV’s of Re complexes (1 mM) with TBAH (0.1 M) electrolyte at a scan rate of 50
mV/s under argon (blue) and CO2 (red) atmospheres. a) Re-54 in DMF. b) Re-55 in DMF. c) Re-
55 in 9:1 DMF/water (right).
Cyclic voltammetry of Re 54 and 55 was also tested in ACN solvent for CO2 reduction activity,
as shown in Figure 4-11. Under CO2 atmosphere, the reductive current for Re-55 was broad,



















































































while Re-54 was narrow, which was indicative of depletion of the CO2 substrate in the Re-55.163
Under those conditions, Re-55 had 4-fold and 22-fold current enhancement at -2.07 V and -2.55
V,  respectively;  and  Re-54 had  3-fold  and  13-current  enhancement  at  -2.08  V and  -2.42  V,
respectively. Although greater current enhancement was observed in ACN than in DMF or DMF/
H2O mixed  solvent  systems,  an  increased  energy  cost  of  overpotential  is  required,  thereby
lowering the overall efficiency of CO2 reduction. Water typically is not used to help facilitate
CO2 reduction in ACN,11 although further CV experiments should be performed in the presence
of 10% water with aims of further promoting the one-electron pathway in CO2 reduction.
Figure 4-11. CVs in Re complexes ACN (1 mM) with TBAH (0.1 M) electrolyte at a scan rate of
50 mV/sunder argon (blue) and CO2 (red) atmospheres of Re-54 (left) and Re-55 (right). Insets:
truncated CVs.
Mn complexes  56 and  57 were  studied  electrochemical  in  ACN with  10% water;  water  is
necessary  for  CO2 reduction activity.64 In  Figure 4-12 is  shown Mn-56 and Mn-57 at  equal
concentrations  of  Mn under  argon  atmosphere.  While  both  complexes  dimerize  in  equal
proportions by evidence of the anodic peak at –0.97 V, the Mn(I)/Mn(0) redox couple is more




































































irreversible for Mn-57. The CVs under CO2 atmosphere are shown below in Figure 4-13. The
ferrocene  anodic  peak  showed  no  change  under  CO2 atmosphere.  Each  catalyst  behaved
similarly, although the catalytic wave at more negative potential was more broad from Mn-57,
suggesting faster  substrate  depletion,  which can limit  peak current  enhancement.  Under  CO2
atmosphere, Mn-56 had a current enhancement of 2 at the first reduction potential of -1.83 V, a
current enhancement of 2.3 at the second reduction potential of -2.23 V, and a maximum current
enhancement of 17.2 at -2.47 V when η=0.24 V. Under CO2 atmosphere, Mn-57 had a current
enhancement of 2.6 at the first reduction potential of -1.88 V, a current enhancement of 3.2 at the
second reduction potential of -2.24 V, and a maximum current enhancement of 12.8 at -2.45 V
when η=0.21 V. Both catalysts  perform comparable with recent  literature values in  terms of
overpotential and overall current enhancement that use phenol as a proton source.156
Figure 4-12. CVs of Mn complexes in 9:1 ACN:H2O with TBAH (0.1 M) electrolyte at a scan
rate  of  50  mV/s under  argon  atmosphere  of  Mn-56  (red)  and  Mn-57 (blue).  Note:  catalyst
concentration is 1 mM with respect to Mn.  





























Figure 4-13. CVs of Mn complexes in 9:1 ACN:H2O with TBAH (0.1 M) electrolyte at a scan
rate  of  50 mV/s under  argon (blue)  and CO2 (red)  atmospheres  of  Mn-56  (left)  and Mn-57
(right). Insets: truncated CVs. Note: catalyst concentration is 1 mM with respect to Mn.  




507 1460 ACN 2021.2, 1914.7, 1896.7
340 12506
506 4495 ACN 2020.8, 1914.4, 1896.1
352 21155
409 2595 ACN 2026.4, 1931.7, 1921.3
291 17480


















[49] Fc-OH bipy ligand 443a
_____________________________________________________________________________________________________________
a: shoulder



































































In section 4.2.1, electropolymerization of Re(vinyl-bipy) 58 and Re(dodecene-bipy) 59 onto gold
and  FTO electrodes  was  successful  only  with  59 on  a  gold  electrode.  Although  58 can  be
electropolymerized on gold electrodes, the η value observed for CO2 reduction limits its use as an
efficient electrocatalyst.  58 was unreactive towards electropolymerization due to the inertness of
terminal alkenes to electrochemical reduction.161 With both  58 and  59 being unreactive toward
electropolymerization  on  FTO  electrodes,  polymerization  or  surface  immobilization  may
alternatively be achieved by synthesizing derivatives which are more reactive and with greater
affinity toward oxide surfaces; possibly derivatives may be halohydrins164 or epoxides.164-165 
In  section  4.2.2,  synthesis  of  Re and Mn complexes  of  4-[2-(ferrocenyl)-2-hydroxyethyl]-4'-
methyl-2,2'-bipyridine 49 and 1,1’-bis[1-hydroxy-2-(4’methyl-2,2’ bipyridine)]ferrocene 50 was
successful. Complexes 54-57 and ligand 50 have not been previously synthesized or reported in
the  literature.  All  complexes  were  characterized  with  CV,  although  further  electrochemical
characterization is needed in different solvents and under bulk electrolysis conditions. Further





4-[2-(ferrocenyl)-2-hydroxyethyl-4'-methyl-2,2'-bipyridine  [49].  The  method  was  modified
from the literature.166 Dry THF (15 mL) and 4,4’-dimethyl-2,2’-bipyridine (200 mg, 1.1 mmol,
1.16 equiv.) were loaded into a side armed flask, capped with a septum, and sparged with Ar. The
slightly  yellow solution  was  cooled  in  a  dry/acetone  bath,  then  a  lithium diisopropylamine
(LDA) solution (2 M, 0.506 mL, 1.03 mmol, 1.1 equiv.) was added dropwise via syringe. After
addition, the brown solution was transferreed to an ice water bath and stirred for 1 hour. Under
positive pressure of Ar, 1-ferrocenecarboxaldehyde (200 mg, 0.93 mmol, 1 equiv.) was added in
one portion.  The solution was stirred for 1 hour in an ice water bath,  then 3 hours at  room
temperature. The turbid reaction mixture was quenched with MeOH (1 mL).  The clear orange
solution was diluted with chloroform and washed with water (4x) and brine (2x). The organic
phase was dried over anhydrous MgSO4, gravity filtered, and the solvent was removed under
reduced pressure.  The crude  product  was then  chromatographed over  basic  Al2O3 (100:2:0.5
DCM:MeOH:NH4OH) (357 mg, 96% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.55 (ddd, J
= 7.2, 5.0, 0.8 Hz, 2H), 8.30 – 8.20 (m, 2H), 7.17 – 7.10 (m, 2H), 4.69 (td, J = 6.5, 2.6 Hz, 1H),
4.29 – 4.26 (m, 1H), 4.20 (s, 5H), 4.19 – 4.16 (m, 2H), 4.13 (dt, J = 2.5, 1.4 Hz, 1H), 3.02 (d, J =





Chloroform-d) δ 156.12, 155.99, 148.92 (t, J = 1.4 Hz), 148.80, 148.11, 124.99, 124.65 (d, J =
2.5 Hz), 122.05, 122.00 (d, J = 1.3 Hz), 93.16, 69.98, 68.36, 68.12, 68.01, 67.23, 65.19, 44.47,
21.20.
1,1’-bis[1-hydroxy-2-(4’methyl-2,2’ bipyridine)]ferrocene  [50]. The  method  was  modified
from the literature.166 Dry THF (15 mL) and 4,4’-dimethyl-2,2’-bipyridine (400 mg, 2.17 mmol,
2.32 equiv.) were loaded into a side armed flask, capped with a septum, and sparged with Ar. The
slightly yellow solution was cooled in a dry/acetone bath, then a LDA solution (2 M, 1.06 mL,
2.06 mmol, 2.2 equiv.) was added dropwise via syringe. After addition, the brown solution was
transferreed to an ice water bath and stirred for 1 hour. Under positive pressure of Ar,  1,1’-
ferrocenedicarboxaldehyde (226  mg,  0.93  mmol,  1  equiv.)  was  added  in  one  portion.  The
solution was stirred for 1 hour in an ice water bath, then 3 hours at room temperature. The turbid
reaction mixture was quenched with MeOH (1 mL).  The clear orange solution was diluted with
chloroform and  washed  with  water  (4x)  and  brine  (2x).  The  organic  phase  was  dried  over
anhydrous MgSO4, gravity filtered, and the solvent was removed under reduced pressure. The
crude product  was then chromatographed over  basic  Al2O3 (100:2:0.5  DCM:MeOH:NH4OH)
(489 mg, 85% yield). 1H NMR (400 MHz, Chloroform-d) 1H NMR (500 MHz, Chloroform-d) δ







30.9, 4.9, 1.7 Hz, 2H), 4.87 (d, J = 78.9 Hz, 2H), 4.76 – 4.68 (m, 2H), 4.28 (dt, J = 2.6, 1.4 Hz,
1H), 4.13 (dtq, J = 7.8, 2.5, 1.3 Hz, 4H), 4.07 (td, J = 2.4, 1.2 Hz, 1H), 4.00 (ddt, J = 7.4, 2.6, 1.4
Hz, 2H), 2.93 (qd, J = 13.5, 6.4 Hz, 2H), 2.86 (d, J = 6.5 Hz, 2H), 2.39 (s, 6H). 13C NMR (126
MHz, Chloroform-d) δ 155.95 – 155.67 (m), 148.90 – 148.58 (m), 148.46, 148.10, 125.18 (d, J =
2.7 Hz), 124.60, 122.10 (d,  J = 3.9 Hz), 93.19, 92.83, 70.26, 69.69, 68.12 – 67.54 (m), 67.11,
66.66, 66.25, 65.62, 46.08, 45.30.
4-(2-ethoxyethyl)-4’methyl-2,2’-bipyridine  [51].  The  method  was  modified  from  the
literature.167 THF was dried for at least 24 hours over molecular sieves prior to use. 4,4’dimethyl-
2,2’ bipyridine (1 g, 5.4 mmol, 1 equiv.) was dissolved in degassed THF and cooled in a dry
ice/acetone bath. A LDA solution (2 M, 2.7 mL, 5.4 mmol, 1 equiv.) was added dropwise, which
created a dark brown solution. The solution was stirred for 30 minutes, then chloromethyl ethyl
ether was added (0.5 mL, 5.4 mmol, 1 equiv.). the reaction flask was removed from the cooling
bath and allowed to warm up to room temperature. The lightened solution was quenched with
H2O. The solution  was extracted  with Et2O and the ethereal  extract  was concentrated  under
reduced pressure. The residual oil was dissolved in ether and passed over a plug of SiO2. The
orange/red oil was stored in the freezer. The oil was separated from the precipitated unreacted
starting material via syringe (545 mg, 41% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.56 (dt,
J = 5.0, 0.7 Hz, 1H), 8.52 (dd, J = 5.0, 0.7 Hz, 1H), 8.24 (dt, J = 1.4, 0.7 Hz, 1H), 8.21 (dq, J =




Hz, 2H), 3.49 (qd, J = 7.0, 0.5 Hz, 2H), 3.00 – 2.92 (m, 2H), 2.42 (d, J = 0.7 Hz, 3H), 1.18 (td, J
= 7.0, 0.5 Hz, 3H).
4-vinyl-4’methyl-2,2’-bipyridine [52].  The method was modified from the literature.167 4-(2-
ethoxyethyl)-4’methyl-2,2’-bipyridine  52 (564  mg,  2.5  mmol,  1  equiv.)  was  dissolved  in
degassed THF (55 mL) and cooled in a dry ice/acetone bath. Potassium tert-butoxide (554 mg,
4.9 mmol, 2 equiv.) was dissolved in THF (75 mL) and added dropwise. The brown solution was
stirred for two hours in the cooling bath. The solution was warmed to room temperature and
quenched  with  H2O.  The  solution  was  extracted  with  Et2O  and  the  ethereal  extract  was
concentrated under reduced pressure. The residue was filtered over a plug of SiO2 (420 mg, 91%
yield.) 1H NMR (400 MHz, Chloroform-d) δ 8.62 (dd, J = 5.1, 0.8 Hz, 1H), 8.54 (dd, J = 5.0, 0.8
Hz, 1H), 8.39 (dd, J = 1.7, 0.7 Hz, 1H), 8.23 (dp, J = 1.4, 0.7 Hz, 1H), 7.30 (ddd, J = 5.1, 1.8, 0.6
Hz, 1H), 7.18 – 7.11 (m, 1H), 6.76 (dd, J = 17.6, 10.9 Hz, 1H), 6.09 (dt, J = 17.6, 0.6 Hz, 1H),
5.52 (dt, J = 10.8, 0.6 Hz, 1H), 2.44 (d, J = 0.7 Hz, 3H).
4-(dodecene)-4’methyl-2,2’-bipyridine [53]. The method was modified from the literature.167-168
THF was  dried  for  at  least  24  hours  over  molecular  sieves  prior  to  use.  4,4’dimethyl-2,2’-
bipyridine (1.85 g,  10 mmol,  1 equiv.)  was dissolved in degassed THF and cooled in  a dry





created a dark brown solution. The solution was stirred for one hour, then 1-bromoundecene was
added (2.34 g, 10 mmol, 1 equiv.). the reaction flask was removed from the cooling bath and
allowed to  warm up to  room temperature  and stirred  overnight.  The lightened solution  was
quenched with water. The solution was extracted with DCM and the extract washed with brine,
then  dried  over  Na2SO4.  The  solution  was  gravity  filtered  then  concentrated  under  reduced
pressure. The residual oil was purified via column chromatography over SiO2 with a mixture of
EtOAc and cyclohexane (1.1 g, 33% yield.) 1H NMR (400 MHz, Chloroform-d) δ 8.54 (ddd, J =
5.0, 4.2, 0.8 Hz, 2H), 8.22 (ddt, J = 2.5, 1.7, 0.8 Hz, 2H), 7.12 (ddd, J = 5.0, 1.7, 0.8 Hz, 2H),
5.80 (ddtd, J = 16.9, 10.1, 6.7, 0.8 Hz, 1H), 5.03 – 4.95 (m, 1H), 4.92 (dtt, J = 10.2, 2.3, 1.2 Hz,
1H), 3.40 (t, J = 6.9 Hz, 1H), 2.72 – 2.59 (m, 2H), 2.43 (d, J = 0.8 Hz, 3H), 2.03 (m, 3H), 1.74 –
1.62 (m, 2H), 1.39 – 1.33 (m, 4H), 1.28 – 1.25 (m, 8H).
4.4.2: Coordination of Rhenium and Manganese
Chloro-4-[2-(ferrocenyl)-2-hydroxyethyl-4'-methyl-2,2'-bipyridyl rhenium tricarbonyl [54].
The method was modified from the literature.67, 169 Re(CO)5Cl (162 mg, 0.43 mmol, 1.05 equiv.)
and  4-[2-(ferrocenyl)-2-hydroxyethyl-4'-methyl-2,2'-bipyridine  49 (169.4  mg,  0.45  mmol,  1










hours,  then  stirred  at  room temperature  overnight.  The solvent  was  removed under  reduced
pressure. The crude product was chromatographed over Silica (9:1 DCM:MeOH). The fractions
were  combined  and  the  solvent  was  removed  under  reduced  pressure.  The  solid  was  then
dissolved in a minimal amount of DCM and precipitated into hexanes. The product was isolated
via vacuum filtration (215 mg, 69% yield). 
1,1’-bis-[1-hydroxy-2(4’methyl-2,2’-bipyridyl)]ferrocene  di[chlororhenium  tricarbonyl]
[55].  The method was modified from the literature.67, 169 Re(CO)5Cl (180 mg, 0.5 mmol, 2.1
equiv.) and 1,1’ bis [1-hydroxy-2(4’methyl-2,2’ bipyridine)]ferrocene 50 (146 mg, 0.24 mmol, 1
equiv.)  were dissolved in THF and sparged with Ar. The solution was heated at reflux for 4
hours,  then  stirred  at  room temperature  overnight.  The solvent  was  removed under  reduced
pressure. The crude product was chromatographed over Silica (9:1 DCM:MeOH). The fractions
were  combined  and  the  solvent  was  removed  under  reduced  pressure.  The  solid  was  then
dissolved in a minimal amount of DCM and precipitated into hexanes. The product was isolated

















Bromo-4-[2-(ferrocenyl)-2-hydroxyethyl]-4'-methyl-2,2'-bipyridyl  manganese  tricarbonyl
[56].  The method was modified from the literature.141 Mn(CO)5Br (186 mg, 0.49 mmol, 1.05
equiv.) and 4-[2-(ferrocenyl)-2-hydroxyethyl-4'-methyl-2,2'-bipyridine 49 (186 mg, 0.47 mmol, 1
equiv.) were dissolved in Et2O/THF (21:3 mL) and refluxed for three hours. The solution was
cooled and the precipitate was collected by vacuum filtration (203 mg, 67% yield).
1,1’ bis-[1-hydroxy-2(4’methyl-2,2’ bipyridyl)]ferrocene  di[bromomanganese  tricarbonyl]
[57].  The method was modified from the literature.141 Mn(CO)5Br (158 mg,  0.57 mmol,  2.1
equiv.) and 1,1’ bis [1-hydroxy-2(4’methyl-2,2’ bipyridine)]ferrocene 50 (168 mg, 0.27 mmol, 1
equiv.) were dissolved in Et2O/THF (21:3 mL) and refluxed for three hours. The solution was

























Chloro-4-vinyl-4’methyl-2,2’-bipyridyl rhenium tricarbonyl [58]. The method was modified
from the  literature.169 Re(CO)5Cl  (100  mg,  0.28  mmol,  1  equiv.)  and  4-vinyl-4’methyl-2,2’-
bipyridine 52 (120 mg, 0.3 mmol, 1.1 equiv.)  were heated at 80 oC in toluene for 3 hours. The
reaction was monitored via solution phase transmission infrared spectroscopy; ligand was added
until all Re precursor was consumed.  The precipitate was collected by filtration (175 mg, 63%
yield). 1H NMR (400 MHz, Chloroform-d) δ 8.95 (d, J = 5.8 Hz, 1H), 8.88 (dd, J = 5.7, 1.7 Hz,
1H), 8.13 – 7.96 (m, 2H), 7.47 (dd, J = 5.8, 1.9 Hz, 1H), 7.37 – 7.30 (m, 1H), 6.79 (dd, J = 17.5,
10.8 Hz, 1H), 6.19 (dd, J = 17.5, 0.7 Hz, 1H), 5.76 (d, J = 10.9 Hz, 1H), 2.60 – 2.56 (m, 3H).
Chlororhenium  4-(dodecene)-4’methyl-2,2’-bipyridyl  tricarbonyl  [59].  The  method  was
modified from the literature.169 Re(CO)5Cl (100 mg, 0.28 mmol,  1 equiv.)  and 4-(dodecene)-
4’methyl-2,2’-bipyridine 53 (204 mg, 0.3 mmol, 1.1 equiv.)  were refluxed in pentane overnight.
The reaction was monitored via solution phase transmission infrared spectroscopy; ligand was
added until all Re precursor was consumed.  The precipitate was collected by filtration (96 mg,
54% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.89 (q, J = 4.8 Hz, 2H), 7.97 (dd, J = 12.9,
















J = 17.1, 1.7 Hz, 1H), 4.93 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 2.83 – 2.73 (m, 2H), 2.57 (s, 3H),
2.09 – 1.98 (m, 2H), 1.71 (p, J = 7.9, 7.5 Hz, 2H), 1.56 (s, 2H), 1.37 (d, J = 16.7 Hz, 4H), 1.28
(s, 8H).
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CHAPTER 5: CONCLUSIONS AND OUTLOOK
C-functionalized  cyclams  were  synthesized  successfully  using  two  synthetic  routes.  The
preferred route, however, used C-functionalized 2,3,2-tet precursor due to the greater purity of
the final protected C-functionalized cyclam. Co(III) complexes of C-functionalized cyclams with
linkers of different length and degree of rigidity and type of anchoring group were effectively
immobilized on TiO2 semiconductors only when the CoCl2 was pre-coordinated to cyclam prior
to anchoring. Post-coordination of CoCl2 to TiO2 surfaces treated with CHA indicated identical
visible  light  absorbance  as  CoCl2 on  TiO2.  Anchoring  CHA on  TiO2 resulted  in  optically
observable color change from white to yellow, indicating structural change on the surface.
In most cases, a variety of HMD derivatives were designed successfully synthesized from ketone
and  α,β-unsaturated  carbonyl  precursors.  Metal  coordination  methods  to  successively
synthesized ligands need improvement to assess the practicality as CO2 reduction catalysts. Use
of a metal-template method or base catalyzed cyclization method to form the macrocycles and
complexes may be worth attempting.
Electropolymerization  of  functionalized  bipy  Re  catalysts  were  tested  on  gold  and  FTO
electrodes. Electropolymerization of alkene modified bipy Re complexes on electrode surfaces
was  successful  on  gold  electrodes  for  vinyl  groups  but  unsuccessful  for  aliphatic  terminal
alkenes,  while  neither  catalyst  was  successfully  electropolymerized  on  FTO  electrodes.
Electropolymerization  using  chronoamperometry and  multi-cycle  CV methods  for  vinyl  Re
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showed  there  is  a  difference  between  each  method  based  on  the  resultant  CVs  of
electropolymerized catalysts.
Ferrocene was functionalized on either one or two rings with bipyridine ligands and coordinated
with manganese and rhenium. Electrochemical studies indicate increased dimer formation for the
difunctionalized ferrocene complexes than for the monofunctionalized complexes. All complexes
exhibit  current  enhancement  at  the  first  reduction  potential  under  CO2  atmospheres  in
acetonitrile, but not in DMF. The difunctionalized ferrocene rhenium complex exhibited greater
dimer formation in polar solvents such as DMF than the monofunctionalized rhenium complex.
The addition of water to a DMF solution of difunctionalized ferrocene rhenium complex resulted
in current enhancement under CO2 at the first reduction potential,  which indicates successful
one-electron  dimer  based  CO2 reduction.  The  oxidative  current  enhancement  and  shift  for
ferrocene under  CO2 atmosphere was observed,  however,  the influence on catalysis  was not
investigated.  Infrared  and  optical  characterization  of  the  complexes  suggests  successful
formation of the stated complexes, however, further characterization is needed.
Ligands designed to enhance catalysis of the reduction of CO2 on metal centers will be pivotal in
the development of scalable molecular catalysts which can counteract global CO2 emissions and
create  sustainable  inhabitable  environments.  Catalytic  testing  does  not  mimic  worldly
environments, such that O2 must purged from the system and saturated with CO2 to enhance
turnover rates and catalysis component stability. With water being the ideal electron and proton
donor, its use in testing of catalytic systems, when used, oxidation will likely generate O2 in situ,
which can be deleterious to CO2 reduction catalysts, and may require separation of each half
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reaction. The continued study for a viable system for industrial catalytic CO2 reduction requires
advances in solid-state, molecular, supramolecular, and hybrid systems. In interesting alternative
direction utilizes clusters, such as polyoxometalates, which have shown CO2 reduction activity.170




Appendix A: General Catalyst Characterization
Gas Chromatography Calibration.  Gaseous products were detected and quantified using gas
chromatography (GC), which include: hydrogen (H2), oxygen (O2), carbon monoxide (CO), and
methane  (CH4).  Chromatographic  peaks  were  confirmed  with  known  elution  times  of  gas
standards. Quantification of chromatographic peaks was determined using a standard curve of
known gas concentration prepared on site, and fitted using the ideal gas law, as follows. Glass
containers of known volume were opened, placed in a fume hood, and aired out overnight. The
containers were further aired out under a high flow of N2,  then securely capped. One of the
containers was equipped with an oil bubbler and thoroughly purged with the analysis gas. In a
separate blank and sealed container, a selected volume was withdrawn via syringe. The exact
volume mentioned prior was drawn from the constantly purge container, and injected into the
blank  sealed  container.  This  sequence  of  steps  was  repeated  over  a  range  of
volumes/concentrations  relevant  to  to  gas  detection.  After  the  standard  gas  containers  were
prepared, peak area analysis was determined in duplicate starting from low concentration to high
concentration, and a 50 μL injection volume was used. The peaks were integrated and the ideal
gas law was fitted. The volume used when fitting the ordinate identical to the headspace volume
of the reaction flask used in a given GC experiment, such that the slope of the linear fit was equal
to the conversion factor used to convert the known peak area of a chromatographic trace to the
quantity of gas present in the headspace, in μmol.
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Figure A-1. Linear regression used to determine conversion factor for CO based on a headspace
volume of 4.4 mL. Error bars were determined by standard deviation of duplicate injections (x-
axis) and with an estimated uncertainty of  ±  0.1 mL/syringe transfer and  ±  0.1 mL headspace
volume (y-axis).  
Photocatalysis  experiments.  All  experiments  were  performed  in  disposable  heavy  walled
culture tubes made of borosilicate glass (13 x 100 mm). Stock solutions of 3:1 mL solvent to
electron donor were prepared in a graduated cylinder; solvent choice was either ACN or DMF,
and electron donor choice was either TEA or triethanolamine (TEOA). Test reaction conditions


















consisted of:  4 mL solution volume; 1 mM homogeneous catalyst  or 1 mg heterogeneous; a
gentle 20 minute sparge with Ar or CO2 passed through a solvent bubbler or chilled reaction
vessel; magnetic stir bar; and a septum, sealed with parafilm. Light sources were calibrated with
an Ocean Optics probe such that the most intense peak was at an intensity of 100 mW/cm2.
Cyclic  voltammetry  experiments.  All  experiment  used  a  single  chamber  cell  with  three
electrodes. Pt wire was used as the counter electrode,  glassy carbon the working electrode, and
silver based pseudo reference electrode (Ag/Ag+). DMF and ACN solvents were used for non-
aqueous measurements, typically with TBAH (0.1 M) as the electrolyte. Common electrolytes
for  aqueous  measurements  include  NaCl,  NaOH,  or  HCl  at  0.1  M.  Analyte  concentration
typically is 1 mM in approximately 5 mL of solvent. The cell is sealed with parafilm and purged
with Ar or CO2 for 20 minutes prior to measurement at 50 mV/s. The electrode is cleaned with
polishing alumina on a wet polishing pad. 
Determination of molar absorptivity. Stock solutions of 1 mM are systematically diluted and
scanned from 800 nm to 200 nm.  Only the values less than 1 ABS are used and ε is determined
for each concentration using Beer’s Law. The values are averaged and recorded as one spectrum.
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Appendix B: Fourier Transform Infrared Spectra

















































































































































































































Appendix C: Ultraviolet-Visible Spectra
Figure A-9. UV-Vis spectrum in MeOH of Co(III) cyclam 30. Inset: visible region. 
Figure A-10. UV-Vis  spectrum in MeOH of Co(III)  CHA  60.  Inset:  visible  region.  Chloride
counter anions were removed for clarity.






















































Figure A-11.  UV-Vis spectrum in MeOH of Co(III) CMNB 61. Inset: visible region. Chloride
counter anions were removed for clarity.
Figure  A-12.  UV-Vis  spectrum  in  MeOH of  Co(III)  CMBABPA 62. Inset:  visible  region.
Chloride counter anions were removed for clarity.























































Figure A-13. UV-Vis spectrum in MeOH of Co(III) CMBPA 64. Inset: visible region. Chloride
counter anions were removed for clarity.
Figure A-14.  UV-Vis spectrum in MeOH of Co(III) CMBB 65. Inset: visible region. Chloride
counter anions were removed for clarity.










































Appendix D: Nuclear Magnetic Resonance Spectra
All  1H and  13C NMR spectra were taken on Bruker 400 MHz NMR spectrometer. Deuterated
solvents used in NMR experiments were manufactured by Cambridge Isotope Laboratories, Inc.
All NMR spectra were taken at room temperature.  














[44] Ni(II) HMD 449a
[45] Cu(II) HMD
a: shoulder















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A-28. 1H NMR (400 MHz, Chloroform-d) of 15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane-6-





































































































































































































Figure A-29. 13C NMR (101 MHz, Chloroform-d) of 15,16-dimethyl-1,4,8,11-tetrazatetracyclo[6.6.2.04,16.011,15]hexadecane-6-
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